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SECTION  I 
INTRODUCTION 

The  impact  of  a bird  on  windshields  of  aircraft  flying  at  high  speeds 
represents  a major  structural  problem  for  today’s  aircraft.  The  Douglas 
Aircraft  Company's  Windshield  Technology  Demonstrator  Program  is  part  of 
an  effort  by  the  Air  Force  Flight  Dynamics  Laboratory  Improved  Windshield 
Protection  Program  to  develop  technologies  that  will  assist  in  the  design 
of  aircraft  transparent  enclosures  to  inrrease  protection  against  bird- 

strikes.  . ! 

■ 

Included  in  this  report  are  the  test  plans,  test  results  and  analyses 
of  a series  of  high  speed  impact  tests  conducted  on  test  specimens  of 
various  windshield  laminations  and  suoport  structure  designs.  A basic 
consideration  to  this  test  series  was  the  premise  that  for  test  results 
to  be  truly  representative,  the  tests  must  be  performed  on  structure  which 
represents,  simulates,  or  otherwise  accounts  for,  actual  aircraft  structural 
stiffnesses.  This  consideration  was  followed  throughout  this  test  series. 

Section  II  presents  the  test  plans  for  a series  of  bird  imoact  tests 
consisting  of  the  following: 

• G-l  Windshield  Bird  Impact  Test  Series 

• Simulated  Aircraft  Windshield  Bird  Impact  Test  Series 

The  B-l  windshield  was  mounted  in  a crew  module  and  subjected  to  a 
series  of  static  loading/dynamic  unloadings  and  bird  impact  tests  on  the 
original  and  on  Douglas-modified  windshield  edge  mountings.  The  purpose  of 
this  test  series  was  twofold:  (1)  to  demonstrate  the  relative  merits  of 
the  various  designs  to  defeat  a four-pound  bird  at  565  KIAS  (Sea  Level)  and 
to  use  this  information  in  the  design  of  simulated  aircraft  windshields 
and  supporting  structure,  and  (2)  to  collect  windshield  and  support  structure 
static,  dynamic,  and  bird  impact  characteristic  responses  (both  deflections 
and  strains) . 

1 
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Five  alternate  simulated  aircraft  windshields  were  designed,  fabricated 
and  mounted  on  support  fixtures  which  were  designed  to  simulate  the  actual 


stiffness  of  the  respective  installation.  The  purpose  of  this  test  series 
was  to  demonstrate  the  capability  of  the  Douglas  alternate  designs  to  defeat 
a four-pound  bird  at  565  KIAS  (Sea  Level)  whe-'  subjected  to  operational 
temperature  extremes.  This  provided  data  from  which  recommendations  were 
made  for  a final  USAF  B-l  windshield  and  supporting  structure  design. 

i 

Section  III  establishes  the  requirements  for  strain  measurements, 
deflection  and  temperature  measurements,  and  high-speed  motion  picture 
coverage  for  the  Windshield  Bird  Impact  Tests.  The  test  instrumentation 
required  in  the  conduct  of  this  series  of  high-speed  bird  Impact  tests 
was,  in  certain  aspects,  unique,  and  represented  an  advance  in  the  state 
, of  the  art.  Detailed  descriptions  of  the  instrumentation  utilized  in  this 

test  series  are  presented,  as  is  a recommended  instrumentation  checklist 
for  Bird  Impact  Tests. 

The  bonding  of  strain  gages  on  polycarbonate  and  acrylic  window  speci- 
mens, and  on  interlaminar  plies,  and  then  subjecting  these  specimens  to 
high-speed  bird  Impact,  involved  many  instrumentation  techniques  which  had 
to  be  developed  for  these  applications.  Previous  investigators  in  this 
area  expected  crazing,  with  a resulting  loss  in  impact  resistance,  on  any 
polycarbonate  part  that  had  strain  gage  adhesive  applied  to  it.  Also,  with 
the  high  G-level  expected  from  a bird  impact  on  the  windshield,  retention 
of  externally  mounted  gages  was  a matter  of  concern.  The  candidate  adhe- 
sives and  installation  techniques  are  also  discussed  in  Section  III. 

Bj  j 

The  test  results  are  presented  and  discussed  in  Section  IV.  In  addi- 
tion to  the  B-l  Windshield  Bird  Impact  Test  Results  and  the  Simulated 
Windshield  Bird  Impact  Test  P.esults  is  a description  of  the  Arnold  Engineering 
Development  Center  (AEDC)  data  acquisition  and  reduction  equipment,  and 
an  estimation  of  the  data  uncertainties.  The  test  results  ir*lude  dis- 
cussions of  selected  shots,  tabular  summaries,  sunport  structure  behavior 
and  strain  and  gage  deflection  tabulation. 
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It  should  be  emphasized  that  this  series  of  high  speed  impact  tests 
is  based  on  the  approach  to  windshield  design  which  considers  the  entire 
windshield  structural  system.  By  this  is  meant,  the  structure  of  the  wind- 
shield coupled  with  the  windshield  supporting  structure.  Any  evaluation 
of  an  aircraft  windshield  system  must  be  systematically  evolved  from  a 
review  of  past  experience  and  available  related  industry  design  Philosophies, 
design  analyses,  and  test  fixture  development  which  are  presented  in 
Section  V. 

Section  V also  shows  the  results  of  Preliminary  Design  Methods  utilized 
in  these  analyses  which  could  be  adapted  to  any  windshield  design  effort 
involving  bird  impact. 

Section  VI  presents  a method  for  obtaining  an  equivalent  static  load 
on  an  aircraft  windshield  subjected  to  a bird  impact  and  evaluates  the 
effects  on  this  load  due  to  the  relative  stiffness  of  the  impacted  area. 

This  bird  impact  study  is  an  attempt  to  address  the  effects  of  total  wind- 
shield system  compliance  on  a rather  simplistic  level  which  may  be  con- 
veniently used  in  the  preliminary  design  phases  of  windshield  systems. 

Section  VII  presents  conclusions  and  recommendations  based  on  test 
results. 

Two  appendices  are  included  in  this  report: 

Appendix  A contains  detailed  failure  analyses  of  the  windshield  speci- 
mens utilized  in  these  series  of  high  speed  bird  impact  tests.  Specifically, 
for  each  specimen,  detailed  part  and  test  information  is  listed,  followed 
by  a discussion  of  salient  features  of  the  failed  specimen.  Sketches 
are  included  v/hich  fully  Illustrate  failure  patterns  and  windshield  fab- 
rication details. 

Appendix  B contains  B-l  windshield  and  simulated  aircraft  windshield 
strain  maps,  which  were  formulated  from  the  high  SDeed  bird  impact  tests. 
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SECTION  II 
TEST  PLANS 


The  test  plans  presented  were  used  in  two  separate  series  of  bird 
impact  tests  directed  toward  the  D-l  aircraft  windshield  design.  The 
first  series,  B-l  Windshield  Bird  Impact  Tests,  was  conducted  on  actual 
B-l  windshields  mounted  in  a crew  module.  Included  in  this  test  series 
were  several  static  loading/dynamic  unloading  tests  to  determine  the  simple 
harmonic  responses  to  the  system  when  the  edge  configuration  was  altered. 

The  second  series  of  tests  was  conducted  on  panels  representing  various 
windshield  constructions  mounted  in  support  fixtures  simulating  the  actual 
stiffness  of  the  respective  installation  for  correlation  with  analytical 
prediction  techniques. 

The  purpose  of  the  first  test  series  was  (1)  to  demonstrate  the  rela- 
tive merits  of  the  B-l  windshield  installation  and  the  same  installation 
with  modifications  to  defeat  a four-pound  bird  at  565  KIAS  and  to  use  the 
test  information  for  the  design  of  simulated  aircraft  windshields  and 
supporting  structure,  and  (2)  to  collect  windshield  and  support  structure 
static,  dynamic  and  bird  impact  characteristic  response  (both  deflection 
and  strain)  data. 

The  purpose  of  the  second  test  series  was  to  demonstrate  the  ability 
of  alternate  simulated  designs  to  defeat  a four-pound  bird  at  565  KIAS 
when  subject  to  operational  temperature  extremes  for  8000  feet  and  below. 
This  provided  data  from  which  recommendations  were  made  for  a final  USAF 
B-l  windshield  and  supporting  structure  design. 

B-l  WINDSHIELD  BIRD  IMPACT  TESTING 

With  three  windshields,  one  right  hand  and  two  left  hand,  available 
for  these  tests  only  four  static  and  four  impact  tests  were  planned.  As 
the  testing  progressed  and  little  damage  occurred  two  additional  impact 
tests  of  a pass/fail  response  were  performed. 
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The  subsequent  paragraphs  define  the  test  specimens,  test  loads,  the 
test  setup,  and  test  procedure  which  had  been  planned  to  collect  all 
pertinent  data. 

Test  Specimens 
Windshield  Specimens 

The  test  specimens  were  furnished  by  the  Air  Force  and  consisted  of 
representative  air  vehicle  windshields  mounted  in  a Prototype  B-l  Crew 
Module  at  AEDC. 

The  parts  available  were  manufactured  by  Swedlow,  Inc.,  per  Rockwell 
International  (RI)  drawing  L3000151,  and  were  identified  as: 

♦L3000151-001  Left  Hand  SWU  108 

L3000151 -001  Left  Hand  SWU  107 

L300151 -002  Right  Hand  SWU  105 

♦Initially  installed  in  Module. 

The  left  hand  part,  SWU  107,  had  the  bushing  bolt  attachments  holes 
enlarged  from  0.257  nominal  to  0.300  minimum  diameter,  by  AEDC/AR0,  Inc. 
as  described  in  Figure  1,  before  installation  on  the  crew  module.  Each 
bushing  was  cleaned  with  Alaphatic  naptha  (TT-N-95) , followed  by  cleaning 
with  isopropyl  alcohol.  Dow  Corning  1200  Primer  was  then  applied  to  each 
bushing  and  the  bushing  cemented  in  the  windshield  hole  with  Dow  Coming 
93-007  sealant. 

After  testing,  the  test  specimens  were  inspected  for  chipping,  creeo 
and  deformation,  and  were  then  shipped  to  Douglas  Aircraft  Co.,  for  Track' 
ing  and  Data  Acquisition  (TDA) . There  coupon  specimens  were  removed  to 
establish  mechanical  and  physical  properties  of  the  different  materials. 
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B-l  Crew  Module  (X-5) 

Prior  to  any  testing  in  this  series,  repair  to  the  X-5  Module  was 
necessary  as  the  upper  right-hand  windshield  support  near  the  module 
centerline  had  been  damaged  during  prior  B-l  bird  impact  qualification 
tests.  The  required  repairs  were  accomplished  by  AEDC/ARO. 

Bushing  Requirements 

AEDC  obtained  116  bushings  for  the  right-hand  windshield  installation. 
These  bushings  conformed  to  B-l  drawing  dimensions  and  requirements.  The 
116  bushings  obtained  for  the  left-hand  windshield  installation  were 
modified  as  shown  in  Figure  1. 

After  each  bird  impact  test  the  bushings  were  reconditioned  to  prepare 
for  the  next  test. 

Retainer  Modification 

One  set  of  left-hand  windshield  retainers  were  modified  for  a separate 
test  as  shown  in  Figure  2. 

Test  Requirements 

To  accomplish  the  required  testing,  AEDC  provided  facilities  for  static 
and  bird  impact  testing.  AEDC  also  provided  a test  support  structure  to 
mount  the  crew  module  for  static  loading  and  dynamic  unloading  (Figure  25, 
page  66)  with  the  capability  of  applying  a 2500-pound  force  normal  to  the 
windshield  without  interacting  with  it  during  the  response  phase. 

The  auick  release  mechanism  and  loadinq  pad  were  desioned  and  fabri- 
cated by  Douclas  Aircraft  Co. 

A goal  of  the  windshield  bird  impact  test  was  to  obtain  data  from  the 
same  locations  used  to  apply  the  static  loads.  Location  A,  Fiqure  3,  for 
statically  applying  load  was  also  a target  for  bird  impact.  Other  points 
shown  in  Finure  3 were  optional  target  points  but  were  not  utilized  in 
this  test  series. 
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To  ensure  continuity  and  repeatability  of  the  bird  impact  tests, 
rigid  requirements  were  placed  upon  the  bird  weight,  bird  packaging  and 
the  bird  accelerating  equipment. 

Structure  Requirement 

I 

I Modification  of  the  test  cell  to  accomnodate  the  test  assembly  was 

accomplished  by  AEDC.  The  test  assembly  was  positioned  in  a level 
attitude  so  that  the  windshield  centerline  beam  would  be  at  a 25-degree 
angle  with  respect  to  the  bird  gun  horizontal  axis  to  match  the  9-1  average 
flight  angle.  The  module  and  its  support  fixture  were  elevated  and  posi- 
tioned in  a lateral  direction  to  provide  the  appropriate  alignment  for 
the  bird  impact  locations. 

♦ 

Installation  of  the  windshields  into  the  X-5  module  was  accom- 
plished according  to  Rockwell  procedure  except  for  the  bushings  in  the 
left-hand  windshield. 

Cameras 

Results  of  each  bird  impact  were  recorded  by  16MM  high-speed  cameras, 
furnished  by  the  AEDC.  Frame  speed  of  high-speed  cameras  was  sufficient 
(5000  frames/second)  to  clearly  distinguish  the  bird  during  flight  and 
to  show  structural  deflections  during  and  after  impact.  All  cameras 
utilized  color  film  and  each  camera  viewing  position  had  the  test  shot 
number  prominently  displayed  within  the  field  of  view  during  the  shot 
sequence.  Module  exterior  camera  coverage  consisted  of  one  high-speed 
camera  located  at  an  angle  of  approximately  30  degrees  to  the  strike  path 
showing  an  overall  view  of  the  approach  and  impact  of  the  bird  on  the 
test  specimen,  and  a second  high-speed  camera  located  90  degrees  to  the 
strike  path  showing  the  flight  of  the  bird,  impact  and  windshield  deflection. 
Figure  3 shows  the  approximate  camera  locations  used  throuahout  this  series 
of  tests. 
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Test  Objectives 

The  objective  of  the  Initial  test  series  was  to  collect  sufficient 
deflection  and  strain  data  from  bird  Impact  to  assist  in  the  development 
and  verification  of,  and  correlation  with,  the  bird  impact  analytical 
response  prediction  program  documented  in  AFFDL-TR-77-99  (Bird  Impact  Math 
Model).  After  this  had  been  accomplished  the  second  objective  was 
to  demonstrate  or  verify  the  suitability  of  a recommended  edge  design  for 
the  B-l  windshield. 

The  second  series  of  bird  impact  tests  was  made  on  simulated  aircraft 
windshields  with  four-pound  birds  at  565  KIAS  as  required  for  the  B-l 
aircraft.  The  simulated  windshields,  five  different  concepts  in  number, 
represented  constructions  considered  acceptable  for  the  B-l.  The  specific 
objectives  were  to: 

1.  Demonstrate  the  various  simulated  windshield  constructions 

2.  Obtain  data  on  corner  configuration  sensitivity  during  bird  impact 

3.  Obtain  response  data  for  the  three  suoport  structure  configurations 
when  mated  with  the  various  panels. 

4.  Study  the  applicability  of  several  instrumentation  technqiues 
for  deflection  and  strain  measurements. 

Test  Procedure 

To  determine  the  deflection  versus  loading  for  the  windshield  system 
a series  of  loading  tests  were  conducted  in  the  following  sequence: 


1.  A maximum  of  1500  pounds  static  load  was  applied.  Deflection 
data,  strain  gage  data,  thermocouple  readings,  sensing  element 
readings,  relative  humidity,  cell  ambient  temperature,  and  tem- 
perature inside  the  module  before  testing  were  recorded  on  data 
sheets.  The  load  was  quickly  released  and  a record  of  the  strain 
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gage  data  was  made  during  specimen  damping.  High  speed  movie 
coverage  was  used  during  damping.  The  hydraulic  cylinder  was 
retracted  to  its  original  position. 

Repeated  test  applying  a maximum  2500  pound  static  load  at 
Location  A. 

Examined  strain  gages  and  thermocouples  for  damage  and  removed 
deflectometers.  Refurbished  and/or  replaced  any  damaged  units. 

Positioned  module  in  test  cell  for  Bird  Shot  No.  1 at  Location  A. 

Attached  all  instrumentation  lead  wires  from  windshield  to 
recording  apparatus. 

Performed  calibration  tests  on  recording  apparatus  with  camera 
lights  on  five  minutes  prior  to  calibration.  Recorded  all 
calibration  data. 

Performed  required  Shot  No.  1 bird  impact  test  at  Location  A with 
a four-pound  bird  at  650  + 17  MPH  velocity.  Recorded  the  con- 
dition of  specimen  before  test,  strain  gage  data  before  and  after 
lights  were  turned  on,  and  after  impact.  Recorded  the  bird  weight, 
bird  velocity,  cell  and  module  temperatures,  thermocouples  and 
sensing  element  readings  before  camera  lights  were  turned  on,  and 
at  time  of  impact.  Deflection  recordings  of  impact  were  accomplished 
with  high  speed  movie  cameras.  Other  high  speed  movies  were 
used  as  required  for  testing  coverage. 

Examined  strain  gages,  thermocouples,  sensing  element  wiring,  and 
test  article  structure  for  damage.  Refurbished  and/or  replaced 
any  units  damaged.  Reinstalled  deflectometers. 
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8.  Removed  all  retainers  common  to  the  left-hand  windshield  and 
Installed  reworked  retainers  noted  in  Fiqure  2.  Torqued  bolt* 
conrnon  to  windshield  to  50-60  inch-pounds,  including  the  center 
retainer  for  the  right-hand  windshield.  All  other  portions  of 
the  retainers  were  Installed  and  bolts  torqued  to  80-105  inch- 
pounds. 

9.  Applied  a maximum  of  1500  pound  static  load  at  Location  A as 
described  in  Sequence  1. 

10.  Repeated  Sequence  2. 

11.  Performed  required  Shot  No.  2 bird  impact  test  at  Location  A with 
a four-pound  bird  at  650  + 17  MPH  velocity.  Recorded  condition 
of  specimen  before  test,  strain  gage  data  before  camera  lights 
were  turned  on,  at  time  of,  and  during  impact.  Recorded  bird 
weight,  bird  velocity,  temperature,  and  relative  humidity  in  test 
cell  and  inside  module  before  camera  lights  were  turned  on,  thermo- 
couple and  sensing  element  readings  before  camera  lights  were 
turned  on  and  at  the  time  of  impact.  Deflection  recordings  of 
impact  were  to  be  accomplished  with  high  speed  cameras.  Other 
high  speed  movies  were  also  required  during  impact. 

12.  After  Shot  No.  2,  the  instrumentation  was  disconnected  and  the 
windshield  was  removed.  The  retainers  were  saved  for  subsequent 
usage.  The  test  structure  was  examined  for  damage  and  repaired  as 
necessary. 

13.  Installed  L3Q00151-001 , Serial  Number  SWU  107,  with  R-I  drawing 
retainers  and  all  bolts  common  to  the  windshields  were  torqued 
to  50-60  inch-pounds  and  all  other  bolts  were  torqued  to  80-105 
inch-pounds.  As  each  bolt  was  partially  installed,  PR  1422  sealant 
was  applied  around  the  bolt  shank  to  fill  the  hoi. 
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Note:  Under  ambient  temperature  conditions  above  70°F,  it 
normally  took  72  hours  for  the  sealant  to  fully  cure.  For  these 
series  of  tests,  it  was  mandatory  that  the  sealant  was  cured. 

14.  Installed  on  the  windshield  v/ere  strain  gages,  thermocouples,  and 
sensing  element  wires;  the  lead  wires  were  attached  to  recording 
devices. 

15.  Strain  gages  and  thermocouples  were  calibrated  before  the  camera 
lights  were  turned  on  and  five  minutes  after  lights  were  turned 
on.  All  data  v/ere  recorded. 

16.  A maximum  of  1500  pound  static  load  was  applied  at  Location  A 
as  described  in  Sequence  1. 

Repeated  test  applying  a maximum  2500  pound  static  load  at 
Location  A. 

17.  Removed  deflectometers  and  static  load  applicator. 

18.  Examined  strain  gages  and  thermocouples  for  damage.  Refurbished 
and/or  replaced  any  damaged  units. 

19.  Repeated  Sequence  5. 

20.  Performed  required  Shot  No.  3 bird  impact  test  at  Location  A as 
described  in  Sequence  6 except  that  strain  gage  data  was  noted 
during  impact. 

21.  Repeated  Sequence  7. 

22.  Repeated  Sequence  8 except  that  bushing  sealant  was  added  as 
required. 
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23.  Repeated  Sequence  5.  Performed  calibration  tests  on  recording 
apparatus  with  camera  lights  on  five  minutes  prior  to  calibration. 
Recorded  all  calibration  data. 

24.  Applied  a maximum  1500  pound  load  at  Location  A as  described  in 
Sequence  1. 

Repeated  test  applying  a maximum  of  2500  pound  static  load  at 
Location  A. 

25.  Examined  strain  gages,  thermocouples,  sensing  element  wiring,  and 
test  article  structure  for  damage,  and  removed  deflectometers. 
Refurbished  test  article  structure  and/or  replaced  any  damaged  units. 

26.  Calibrated  strain  gages  and  thermocouples  before  camera  lights 
were  turned  on  and  five  minutes  after  lights  were  turned  on. 

Recorded  all  data. 

27.  Performed  required  Shot  No.  4 bird  impact  test  at  Location  A as 
described  in  Sequence  11. 

28.  Reviewed  data  and  test  structure  conditions  from  Shots  1 through 
4 for  subsequent  assessment  to  ascertain  which  attachment  should 
be  employed  for  future  production  windshields. 

29.  Removed  every  other  windshield  attachment  bolt. 

30.  Performed  additional  Shot  No.  5 bird  impact  test  at  Location  A 
with  a planned  four-pound  bird  at  650  + 17  MPH  velocity. 

Instrumentation:  Replaced  and  repaired  strain  gages  as  required. 
Monitored  all  working  strain  gages,  thermocouples,  sensing  elements 
similar  to  previous  tests.  All  high-speed  cameras  were  used. 
Appropriate  still  photos  were  taken  after  the  shot. 
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31.  Reviewed  data  and  test  structure  from  Shot  No.  5.  Repaired 
damage  as  required. 

32.  Performed  Shot  No.  6 bird  impact  test  at  Location  A with  planned 
six-pound  bird  at  650  ♦ 17  MPH  velocity. 

Instrumentation:  Same  requirements  as  test  Number  5. 

Special  Requirements:  Precautions  were  taken  to  minimize  module 
interior  damage  due  to  possible  biro  penetration  during  this 
shot.  Relocated  interior  camera,  lights,  etc.,  as  required. 
Plastic  sheeting  was  utilized  to  minimize  possibility  of  bird 
debris  residue  in  cockpit. 

33.  Reviewed  data  and  test  structure  from  shot  Number  6. 

After  completion  of  Shot  Number  6 (BM-009),  the  B-l  module,  and  both 
impacted  windshield  specimens  with  all  removed  retainers,  hardware,  bolts, 
etc.,  were  shipped  to  Douglas. 

Documentation 

To  ensure  that  maximum  data  were  retained  from  the  several  static  and 
impact  tests,  different  methods  of  documentation  were  utilized. 

For  the  static  loading/dynamic  unloading  tests,  this  documentation 
included  recording  of  pre-  and  post-test  structural  and  environmental 
conditions,  deflection  versus  time  oscillograph  recordings,  digitized 
strain  readings,  and  movies  of  the  unloading  and  windshield  dynamics. 

The  greatest  concern  in  determining  the  instrumentation  and  data  recording 
methods  was  for  strain  gage  failure  during  the  activity.  To  ensure  that 
maximum  data  points  would  be  taken,  the  initial  data  points  were  in  micro- 
seconds. The  data  were  recorded  in  the  following  form: 
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Deflection:  Displacement  versus  Time 

and  Displacement  versus  Load 

Strain:  u in. /In.  versus  Time  (Printed  and  plotted) 

The  recording  methods  utilized  for  the  static  cases  were  supplemented 
with  extensive  camera  coverage  during  the  bird  impact  tests.  The  intent 
of  camera  coverage  was: 

1.  To  provide  a means  to  accurately  record  the  structural  deflections 
occurring  during  and  after  the  impact. 

2.  To  provide  an  overview  documentation  of  the  impact  that  could  be 
correlated  with  the  recorded  deflection  and  strain  data. 

3.  To  verify  that  the  required  condition  of  bird  packaging  was  met. 

SIMULATED  AIRCRAFT  WINDSHIELD  BIRD  IMPACT  TESTING 

This  subsection  describes  a series  of  preliminary  bird  tests  that  were 
necessary  to  substantiate  the  materials  selections  and  analyses  formulated 
for  alternate  design  concepts  that  could  be  utilized  for  design  of  B-l 
Pilot's/Copilot's  windshields  and  supporting  structure. 

The  objectives  of  this  series  of  tests  were  to  assess: 

t The  adequacy  of  those  materials  selected 

• The  scaling  effect  of  the  selected  instrumentation  methods 

• The  effect  of  the  adjacent  structure  on  windshield  panel  stiffness. 

• Aircraft  operational  and  performance  effects  on  the  ability  of 
a transparency  to  meet  bird  impact  requirements. 

• The  effect  of  gussets  and/or  corner  fittings  on  windshield 
panel  response  to  the  bird  impact  phenomena. 

• Collection  of  test  data  for  correlation  with  the  bird  impact  math 
model  for  analysis  validation. 
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• The  effect  of  varying  the  transparency  edge  configuration  on 
the  transparency  support  structure. 

• Selection  of  pertinent  data  for  final  transparency  design 
determination. 

The  windshield  specimens  used  were  curved  to  a 60-inch  radius  to 
simulate  the  B-l  configuration.  The  initial  testing  was  per  the  test  plan 
of  Reference  1 . 

Test  Specimens 

Ten  specimens,  simulating  laminated  glass  windshields  and  laminated 
polycarbonate  windshields,  were  built  by  transparency  vendors  and  were 
tested  as  described  in  this  report. 

In  determining  what  constructions  would  be  viable  candidates  for  the 
proposed  B-l  design,  several  laminated  designs  of  thin  polycarbonate  were 
estimated  to  be  preferred  over  a single  thicker  (7/8  inch)  polycarbonate 
ply.  This  resulted  in  the  Z5942640-501 , Z5942639-503,  Z5942639-505  designs. 
To  validate  the  theory  that  under  low  thermal  conditions,  the  thicker 
monolithic  layer  would  fail  where  as  the  multilaminate  design  would  accept 
partial  failure  without  penetration,  a monolithic  polycarbonate  ply  specimen 
(Z5942640-507)  was  required.  The  construction  and  edge  confiauration  of 
these  specimens  are  shown  in  Figure  4. 

Three  laminated  glass  specimens  (Z5942639-501  ) , Fioure  5,  were  built 
to  approximately  simulate  windshields  that  are  currently  in  the  Oouqlas 
DC-10  aircraft.  Tests  on  and  service  usaqe  of  this  windshield  has  shown 
that  this  construction  has  a high  service  reliability  and  reasonably  high 
impact  resistance. 

Figures  4 and  5 also  show  the  various  specimens  built  with  identifying 
numbers. 
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Figure  5.  Laminated  Glass  Construction  (75942630-501). 


- 
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Test  Specimen  Support  Structure 

Two  configurations  of  structural  support  were  required  to  simulate 
current  B-l  structural  support.  These  two  configurations  were  identified 
as  Z5942638-1  and  -501  fixture  assemblies  and  are  shown  in  Fiqure  6, 
with  the  differences  between  the  two  suDports  defined  in  Fioures  6a,  through 
Figure  6h. 

F I 

[ I 

Those  factors  that  heavily  influenced  the  design  of  the  support  structure 
were  operational  internal  pressurization  requirements,  use  of  stiff  glass 
and  flexible  polycarbonate  windshields,  and  the  use  of  single  row  attach- 
ment bolts  and  dual  row  attachment  bolts. 

Glass  Laminated  Windshield  Installation  - The  Glass  Laminated  Wind- 
shield, Z5942639-501  was  installed  in  the  Support  Structure  Z5942638-1  , using 
standard  bolts,  nuts  and  washers  as  shown  in  Figure  6. 

* 

The  glass  windshield  has  1/16  inch  oversized  holes  for  bolting  it  to 
the  structure  fixture.  As  each  bolt  was  partially  installed,  PR  1422 
sealant  was  applied  around  the  shank  of  the  bolt  to  fill  the  void  between 
the  bolt  and  spacer. 

r| 

For  bolts  that  were  reused,  the  old  sealant  was  removed  from  bolt 
threads  and  sealant  reapplied. 

Polycarbonate  Laminated  Windshield  Installation  - The  polycarbonate 
Windshield,  Z5942640-501  , was  installed  in  the  Support  Structure, 

Z5942638-501 , with  two  rows  of  attachments  as  shown  in  Figure  6. 

The  64  attachments  common  between  the  windshield  and  support  struc- 
ture that  were  inaccessible  were  attached  with  nutplates,  and  the  other 
80  attachments  were  installed  with  standard  hardware  as  shown  in 
Figure  6. 


End  Plate  — 

P/N  25942638-1  for  laminated  glass 

P/N  Z5942638-501  for  laminated  polycarbonate 


Figure  6.  Windshield  Suoport  Structure  Fixture  Assemblies. 
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As  in  the  case  with  the  glass  windshield,  each  bolt  hole  was  1/16  inch 
oversize.  The  resulting  void  was  filled  with  PR  1422  sealant  during 
attachment  installation. 

NOTE:  Under  ambient  temperature  conditions  above  70°F,  it  took  72  hours 
for  the  sealant  to  fully  cure.  Heat  lamps  were  installed  above  the  surface 
to  provide  the  required  temperature.  The  temperature  on  the  structure 
adjacent  to  the  windshield  was  monitored  and  the  temperature  was  not 
allowed  to  exceed  120°F. 

Test  Specimen  Rigging  Instructions 

The  AEDC/ARO  bird  impact  test  equipment  included  an  adjustable  test 
bed,  as  illustrated  in  Fiqure  7 on  which  the  test  setup  was  installed. 

The  test  bed  incorporated  lateral  and  vertical  adjustment  capabilities  which 
allowed  a target  point  on  a windshield  to  be  aligned  with  the  centerline 
of  the  bird  cannon. 

The  bird  shot  test  procedure  required  that  the  two  configurations 
(Z5942638-1  and  -501)  of  the  fixture  assembly  be  capable  of  being  removed 
and  reinstalled  in  a different  hole  pattern  corresponding  to  ISO  degree 
rotation  (end  for  end)  of  a fixture  assembly.  To  permit  this  rotation, 
two  interchangeable  hole  patterns  were  located  in  each  adapter  which 
corresponded  to  the  hole  pattern  in  the  fixture  end  plate. 

To  install  the  complete  Douglas  furnished  test  fixture  including 
windshield,  support  fixture  and  adapters,  ARO  hoisted  the  unit  into 
position  to  backdrill  1-1/2  inch  diameter  holes  from  VS 1 1 0770  into  the 
adapter  end  plates. 

The  unit  was  aligned  so  that  forward  and  aft  adapter  exposed  plates 
were  vertical  and  that  line  of  the  bird  trajectory  hit  target  points  "A" 
and  "B"  after  lateral  and  vertical  translation. 
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Test  Reg uirements 
Bird  Weight 

The  test  birds  were  either  freshly  killed  or  quickly  frozen  after 
killing  and  slowly  thawed  prior  to  testing.  Each  test  bird  consisted 
of  a complete  bird  carcass  weighing  a planned  4.0  _g  pounds.  Weight 
adjustments  were  made  by  clipping  carcass  appendages  or  by  injecting 
water  into  the  body  cavity. 

Bird  Velocity 

The  basic  design  velocity  was  chosen  as  650  + 17  MPH  (953.33  + 25 
ft/sec).  Changes  in  the  velocity  are  noted  in  the  Test  Summary  in  Section  IV, 
and  in  the  Test  Sequence,  Table  1. 

Thermal  Requirements 

The  thermal  requirements  were  chosen  as  the  absolute  minimum  and 
maximum  temperatures  that  could  be  experienced  for  bird  impact.  The  hot 
temperatures  simulated  a hot  atmosphere  supersonic  cruise  followed  by  an 
emergency  descent  to  8000  feet  and  Mach  0.35  followed  immediately  by  bird 
impact.  The  cold  temperatures  simulated  a cold  atmosphere  subsonic  cruise 
followed  by  an  emergency  descent  to  8000  feet  and  Mach  0.85  followed 
immediately  by  bird  impact.  The  temperatures  shown  in  Table  1 were 
planned  temperatures  on  the  core  plies.  These  temperatures  are  as  close 
as  can  be  easily  obtainable  in  the  laboratory. 

The  desired  external  temperature  environment  was  obtained  by  passing 
LN2  vapor  or  heater  air  from  manifolds  across  the  test  panel  surface. 

The  temperature  range  for  control  was  approximately  -85°F  to  250°F.  The 
interior  crew  compartment  temperature  environment  was  created  by  enclosing 
a cavity  below  the  test  oanel  and  supplying  air  from  pneumatic  lines  pene- 
trating the  cavity  wall.  The  internal  temperature  was  held  between  406F 
and  110°F.  The  entire  test  unit  was  enclosed  in  a canvas  hood  during  the 
establishment  of  the  required  test  temperature.  It  took  from  four  to  six 


hours  to  attain  a steady  state.  Just  prior  to  the  bird  impact  firing  the 
hood  was  dropped.  See  Figure  8. 


Figures  9 and  10  show  thermocouple  locations  for  monitoring  the  thermal 
condition  of  the  test  specimens. 

j 

! Test  Procedure 

The  tests  were  conducted  in  the  sequence  listed  in  Table  1 with  the 
velocities  and  temperatures  as  specified.  Table  2 shows  the  Instrumentation 
Checklist  used  during  the  tests  and  Figure  7 shows  the  target  locations. 


TABLE  2 

INSTRUMENTATION  CHECKLIST 
FOR  BIRD  STRIKE  TESTS 


1.  Preparations  (prepare  gun  for  firing-trim  and  weight  chicken). 

a.  Equipment  in  position. 

1.  Obtain  still  photos  before  every  shot,  showing  camera  positions 
and  strain  gage  details. 

2.  As  accurately  as  possible  determine  position  in  space  of 
camera  of  lens  angles  with  window,  etc.,  (distances,  angles). 

3.  Perform  scale  calibration  of  movie  cameras  for  all  cameras. 

4.  Provide  reference  position  markers  (crosses,  dots,  etc.) 
for  movies. 

b.  Strain  gages  - check  continuity,  measure  resistance  at  terminals, 
identify  channel  hy  channel,  identify  proper  scaling  for  tape 
recorder  (sensitivity  settings,  and  shunt  calibrations). 

c.  Set  up  log  for  logging  each  record  and  event  on  o'graph  recorders/ 
tape  - mark  on  records  where  possible  - record  clock  time  (hours/ 
minutes)  of  events  on  the  shot  log. 

d.  Set  up  temperature  recorder  - check  identity  of  each  channel. 

e.  Prepare  sheet,  referencing  each  Strain  Gage  channel  to  recorder 
channel  - include  calibration  resistor  value  and  equivalent 

in  strain. 

f.  Obtain  relative  humidity  reading  from  local  source. 

g.  Provide  OAC  with  measurement  system  schematic  showing  identifica- 
tion, serial  numbers,  cable  type  and  numbers,  signal  conditioner 
type  and  numbers,  setting  for  equipment  sensitivities  and  eauip- 
ment  calibration  dates.  (May  be  completed  after  test.) 

2.  Pre-test  Environmental. 

a.  Take  zero  record  on  tape/recorders. 

b.  Take  calibration  record  on  tape/recorders. 

c.  Start  temperature  recorder  and  continuously  record  or  incremental 
time  record  if  applicable  durino  heating  or  cooling. 
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TABLE  2 cont'd. 


2.  Pre-test  Environmental.  (Continued) 

d.  Incrementally  time  record  (intervals  TBD)  strain  gage  channels 
on  tape  recorders.  Correlate  with  temperature  records. 

e.  When  target  temperatures  are  reached  and  stabilized,  take  tape/ 
recorders  recordings.  (If  applicable.) 

3.  Bird  Shot 

(Record  event  time  of  each  step.) 

a.  Take  zero  record  on  tape/ recorders. 

b.  Take  calibration  record  on  tape/recorders. 

c.  Start  temperature  recorder  at  T-30  seconds. 

d.  Monitor  and  record  electrical  sensing  elements  before  test. 

e.  1)  Start  count  down 

a)  Turn  on  temperature  recorder  at  T-30  seconds.  Mark 
at  T ■ 0 

b)  Turn  on  oscillograph  at  T-5  seconds,  20  inch/ second 
(if  aoplicahle). 

c)  Turn  on  tapes  at  T-5  seconds,  120  in. /sec. 

d)  Mark  T-lights  on  and  T = 0 and  T-15  seconds 

e)  Turn  on  cameras  T-l  second. 

f)  Mark  time  correlation  at  T-l  second. 

2)  Fire  - Note  time  of  firing. 

4.  Post  Test. 

a.  Tabulate  data  on  Douglas  Data  Sheet  and  obtain  test  signatures. 

b.  Obtain  still  photos  of  damage  and  condition  of  SDecimen. 

c.  Strain  gage  data  may  be  reviewed  quick-look  by  playback  on 
oscillograph.  Check  for  scalinq  and  oualitative  results.  Also, 
compare  with  digitized  data  for  timing  and  magnitude. 

d.  Data  from  digitizer  and  plotter  to  be  available  for  review 
within  48  hours. 

e.  Review  movies  and  make  notes. 

f.  Assist  in  and  obtain  deflection  data  from  optical  reading  system 
and  computer  program. 

g.  Provide  suqgestions/changes  for  improvino  next  test. 

h.  Durinq  testing,  Douqlas  will  determine  the  data  channels  priorities 
requirinq  rapid  digitizing  and/or  plotting.  The  number  required 
will  be  kept  to  a minimum. 
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Test  Provisions 

The  following  facilities  and  equipment  were  provided  at  AEDC  for  these 
tests: 

1.  Bird  gun  with  speed  trap  and  appropriately  packaged  four  and  six 
pound  chickens,  were  provided  as  required. 

2.  Structural  assembly  used  to  mount  the  Douglas  furnished  preliminary 
test  fixtures  (VS1 10770). 

3.  Liquid  nitrogen  (LN2)  for  cooling  the  preliminary  specimens  to  -60°F. 

4.  Heating  system  to  obtain  specimen  temperatures  to  230°F. 


5.  Completion  networks,  power  supplies,  balancing  and  sensitivity 
controls  for  resistance  bridge  measurements  with  outputs 
compatible  to  FM  recording  equipment. 

6.  Recording  equipment  for  reading  approximately  20  thermocouples 
in  rapid  sequence. 

7.  A minimum  of  three  high  speed  movie  cameras  (5000  frames  per 
second)  to  record  specimen  deflections  versus  time  and  to 
verify  time  of  bird  impact  and  bird  speed. 

8.  FM  tape  recorders  for  up  to  24  data  channels.  All  tapes  carried 
precision  time  code  for  data  synchronization.  An  additional 
eight  channel  recording  capability  on  oscillographs  was  available. 

9.  The  format  for  data  presentation  was  as  mutually  agreed  and  the 
acquisition  was  the  responsibility  of  AEDC.  The  format  absolutely 
required  was  the  strain  gage  data  presented  in  engineering  units 
(u  in. /in.)  versus  time  correlated  with  initial  impact  (printed 
data  and  plots). 


10.  AEDC  test  engineers,  cameramen,  and  personnel  capable  of  removing, 
replacing  and  repairing  test  specimens  (excluding  major  repair). 


Documentation 

Bird  Impact  Test  Shots 

Douglas  required  a data  format  for  the  bird  Impact  test  shots  that 
would  allow  the  recording  of  those  items  that  required  direct  readings 
of  instrumentation  before,  at-time-of,  and  after  the  shots.  Such  data 
included  temperature  and  sensing  element  readings  and  other  physical 
test  parameters. 

AEDC  supplied  oscillograph  readings  clearly  identified  regarding 
scale  and  calibration.  The  equipment  used  to  record  data  from  the  33 
strain  gage  channels  was  required  to  be  sufficient  to  supply  strain  gage 
data  presented  in  engineering  units,  u in/in  versus  time.  The  period  of 
interest  included  the  duration  of  impact,  which  was  predicted  to  be  about 
half  a millisecond,  and  some  5 to  10  milliseconds  subsequent  to  impact. 

Test  reduction  data  included: 

• Strain  gage  data  digitized  and  plotted. 

• Deflections  digitized  and  plotted  as 

a)  Vertical  displacement  versus  horizontal  displacement, 

b)  Maximum  displacement  (x,  y)  versus  time. 

• Temperature  recording  trace  and/or  tapes. 

Such  data  were  generally  made  available  for  Douglas  review  soon  after 
test. 
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SECTION  III 
TEST  INSTRUMENTATION 


The  test  instrumentation  required  in  conducting  these  series  of 
high-speed  bird  impact  tests  was,  in  certain  aspects,  unique,  and  repre- 
sented an  advance  in  the  state  of  the  art.  Descriptions  of  the  instrumen- 
tation equipment  and  methods  for  the  measurement  of  strain  deflection  and 
temperature  are  included  in  this  section.  Also  discussed  is  the  camera 
coverage  for  the  bird  impact  sequences. 

The  bonding  of  strain  gages  on  polycarbonate  and  acrylic  window  speci- 
mens, and  on  interlaminar  plies,  and  then  subjecting  these  specimens  to 
high-speed  bird  impact  involved  many  testing  techniques  which  had  to  be 
developed  for  these  applications.  Previous  investiqators  in  this  area 
expected  crazing  with  a resulting  loss  in  impact  resistance,  on  any  poly- 
carbonate part  that  had  any  strain  gage  adhesive  applied  to  it.  Also,  with 
the  high  G-level  exnected  from  a bird  impact  on  the  windshield,  retention 
of  externally  mounted  gages  was  a matter  of  concern.  These  concerns  am 
discussed  and  the  means  to  reduce  the  adverse  effects  of  the  instrumentation 
are  presented. 

STRAIN  MEASUREMENT  INSTRUMENTATION 

The  strain  qage  instrumentation  used  for  both  the  B-l  bird  impact 
tests  and  the  simulated  aircraft  windshield  bird  impact  tests  was  to  meet 
the  following  requirements  and  conditions: 

• Instrumentation  shall  yield  position  and  velocity  data  for  that 
section  of  surface  near  the  area  of  impact,  and  oreferably  for 
other  parts  as  well,  of  a windshield  or  transparency.  For  the 
area  of  impact,  strain  measurements  were  to  be  obtained  until  high 
elongation  would  open  the  strain  gages. 

• The  motion  to  be  measured  was  lightly  damped  oscillation  with  a 
period  of  about  15  milliseconds.  Peak  velocities  were  anticipated 


39 


in  the  region  of  2000  cm/sec,  with  peaks  as  great  as  10,000  cm/sec. 


• The  period  of  Interest  included  the  duration  of  impact,  which  is 
about  half  a millisecond,  and  some  5 to  10  milliseconds  subsequent 
to  Impact. 

• The  test  method  shall  permit  these  measurements  to  be  made  without 
Interfering  with  the  bird  strike  test.  There  was  to  be  free  access 
to  the  test  surface  for  the  projectile,  and  the  test  aoparatus  was 
not  to  affect  the  free  movement  of  the  test  surface. 

These  requirements  were  met  for  both  test  specimens  after  several 
iterations  and  reviews  of  the  problems  inherent  in  instrumenting  material 
that  is  flexible,  in  a highly  transient  environment,  and  very  sensitive 
to  surface  conditions. 

Many  problems  were  foreseen  in  attempting  to  collect  strain  data  during 
a bird  impact  on  the  transparency.  The  main  concern  was  surface  degrada- 
tion from  cementing  strain  gages  to  the  unprotected  polycarbonate  trans- 
parency. The  physical  effect  of  many  gage  adhesives  is  detrimental  as 
they  contain  solvents  which  can  plasticize  the  polycarbonate.  It  is 
believed  that  the  solvents  cause  the  polycarbonate  molecules  to  rotate 
and  align  forming  crystalline  or  ordered  planes.  This  may  explain  the 
loss  of  the  amorphous  structure  with  ensuing  brittleness. 

To  eliminate  this  problem,  the  cement  used  throughout  the  test  series 
was  Micro-Measurements  M-Bone  AE10/15.  It  is  compatible  with  plastics 
since  it  is  100  percent  epoxy  and  contains  no  solvents.  A clamping 
pressure  of  no  more  than  20  psi  was  used.  This  resulted  in  an  adhesive 
thickness  of  about  0.005  to  0.010  inch. 


Another  problem  is  the  flexing  of  polycarbonate.  When  under  load  it 
can  elongate  over  100  percent.  As  usually  installed  no  strain  qaoe  sys- 
tem will  survive  this  environment.  Initially  the  use  of  a sealant 


'f-'  encapsulated  shock  block  installation  was  considered  adequate,  Fiqure  11, 

Ku  1 

as  the  block  would  allow  movement  of  the  transparency  without  causina 
hyper-extension  of  the  ribbon  tab.  The  first  three  bird  impact  tests  on 
the  8-1  windshield  rev°aled  thzt  gage  failure  was  occurring  in  some  areas 
of  the  transparency.  close  pv>mi  nation  of  the  high-speed  film  showed 
that  on  bird  impact  the  whole  sealant  capsule  would  deflect  causing  the 
strain  gage  lead  to  stretch  and  fail.  To  resolve  this  difficulty  the 

sytrofoam  block  was  discarded  and  the  gage  ribbon  lead  was  looped,  as 

shown  in  Figure  12.  This  allowed  transparency  elongation  and  proved 
satisfactory  on  subseouent  tests. 

Strain  Gage  Installation 

Sixteen  (16)  EP-03-1 25AV-1 20  (Option  B-64)  Micro-Measurement  strain 
gages  were  installed  on  the  inside  surfaces  of  the  two  left-hand  full-size 
windshield  specimens.  Figure  13  shows  the  strain  gage  locations  on  the 

B-l  windshields.  For  tests  1,  2 and  3 the  shock  block  installation  was 

used  for  all  strain  gages.  For  tests  4,  5 and  6,  the  ribbon  tab  loop 
installation  was  used  in  the  impact  area  at  Locations  3,  4,  15  and  16, 

* 

(Figure  13). 

For  the  simulated  windshield  bird  impact  tests,  strain  gages  were 

1 

located  internally  on  the  transparencies  at  locations  shown  in  Figure  14. 

The  gages  were  part  Number  EP-03-1 25TM-1 20  (Option  276).  The  planned 
capability  was  for  20  measurements  at  each  of  two  opposite  corners  on  each 
transparency.  Additionally,  one  90-degree  two  element  rosette  strain  pace 
was  located  on  the  Inside  surface  of  the  transparencies  at  each  of  two 
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opposite  corners,  in  line  with  the  center  gage  of  the  internally  mounted 
strain  gage  pattern.  Sixteen  single  active  leg  strain  oaoes  were  located 
at  points  in  the  window  frame  structure.  A typical  wiring  harness  assembly 
installed  on  each  specimen  which  connected  with  AEDC  provided  terminals 
is  shown  in  Figure  15.  Figure  16  illustrates  the  strain  measuring  system 
circuit.  AEDC  provided  system  wirinq,  completion  bridges,  sianal  condition- 
ing  and  FM  tape  recorders,  all  integrated  with  the  DAC  instrumented  speci- 
men. Table  3 shows  the  planned  strain  gage  channel  numbering  per  test 
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Fiqure  15.  Strain  Gaqe  and  Thermocouple  Wiring  Typ  for  Two  Corners. 


TABLE  3.  STRAIN  GAGE  LOCATION  AND  RECORDING  CHANNEL  SEQUENCE  NUMBERS 

PER  SHOT  LOCATION 


Strain  Sage 

Location 

Channel  Sequence  No. 

Location 

No.  and 

On 

Shot  1 

ocatlon 

Gage  01  r. 

Ely  No. 

Side 

A 

B 

C 

D 

• 1 H 

-9 

Outer 

• 

• 

1 V 

-9 

Outer 

1 

1 

• 2 M 

-9 

Inner 

ft 

* 

2 V 

-? 

Inner 

2 

2 

3 H 

-7 

Outer 

3 

3 V 

-7 

Outer 

4 

4 H 

-7 

Inner 

5 

4 V 

-7 

Inner 

6 

S H 

-7 

Cuter 

i 

7 

J 

s V 

-7 

Outer 

2 

8 

4 

6 H 

-7 

Inner 

3 

9 

5 

6 V 

-7 

Inner 

* 

10 

6 

7 H 

-7 

Outer 

5 

11 

• 7 V 

-7 

Outer 

• 

• 

8 H 

-7 

Inner 

6 

12 

* 8 V 

-7 

Inner 

* 

ft 

9 H 

Outer 

13 

9 V 

-9 

Outer 

14 

10  H 

-9 

Inner 

15 

10  V 

-9 

Inner 

'6 

ll  H 

-9 

Outer 

i 

n v 

-9 

Outer 

2 

12  H 

-9 

Inner 

3 

12  V 

-9 

Inner 

4 

13  H 

-7 

Outer 

5 

7 

*13  V 

-7 

Outer 

• 

ft 

14  H 

-7 

Inner 

6 

3 

*14  V 

-7 

Inner 

* 

• 

IS  H 

-7 

Outer 

7 

7 ' 

9 

is  v 
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shot.  All  strain  gages  required  dummy  bridoe  completion  networks.  AEDC 
recorded  strain  measurements  from  the  structural  gages  and  any  other 
specimen  strain  gages  on  FM  tape  or  by  oscillograph. 
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AEDC  ran  a full  set  of  calibration  tests  on  the  strain  gages  before 
each  instrumented  bird  impact.  The  camera  lights  were  activated  at  least 
five  (5)  minutes  before  the  strain  gages  were  zeroed  and  calibrated  to 
eliminate  any  transient  thermal  effects  on  the  strain  gages. 

Calibration  of  instruments  was  required  to  verify  that  total  systems 
requirements  have  been  satisfied.  Evidence  of  recent  certification  was 
provided  to  the  Douglas  test  representative. 

Strain  Recording  Equipment 

The  equipment  used  by  AEDC  to  record  data  from  the  strain  gaqes  was 
sufficient  to  supply  Douglas  strain  gage  data,  presented  in  engineering 
units,  vi  in. /in.  versus  time,  with  both  printed  data  and  plots.  As  it 
was  anticipated  that  strain  gages  in  the  impact  areas  would  fail  due  to 
high  elongation,  it  was  deemed  important  that  initial  time  Increments 
dr  ng  the  digitizing  process  be  as  small  as  possible  (micro-seconds). 

Temperature  Measurements  Methods 

Appropriate  critical  operating  temperatures  were  determined  for  typical 
high-speed  high  performance  aircraft.  To  accurately  monitor  these  tem- 
peratures at  critical  locations,  appropriate  thermocouples  were  used.  All 
thermocouples  were  of  copper-constantan  construction  calibrated  to 
I.S.A.  or  equivalent  standard. 

Several  temperature  measurements  were  made  on  the  R-l  windshield. 

Four  (4)  foil  copper  constantan  thermocouples  with  10  ft.  leads,  Part 
Number  20-114-L10,  available  from  RdF  Corporation,  23  Elm  Avenue,  Hudson, 
New  Hampshire  03051,  were  cemented  with  AE-15  by  the  AEDC  on  the  outer  and 
inner  surfaces  of  each  windshield  specimen  as  noted  in  Figure  13. 


The  thermocouples  were  read  and  recorded  prior  to  turning  the  camera 
lights  on  and  at  the  moment  of  impact  to  monitor  all  thermal  responses. 
Neither  high  response,  nor  rapid  acquisition,  was  required;  hence,  this 
information  was  recorded  on  a data  logger  whose  scan  rate  was  one-half 
second. 

AEDC  attached  equipment  on  the  two  left-hand  windshields'  sensing 
element,  then  read  and  recorded  the  resistance  of  each  sensing  element 
prior  to  turning  on  the  camera  lights  and  at  the  moment  of  impact.  A 
sensing  element  (AVK1160)  resistance-temperature  conversion  chart  is 
shown  in  Figure  17.  This  provides  a convenient,  built.-in  check  on  the 
thermocouple  readings. 

For  the  simulated  windshields  four  thermocouples  were  located  in  the 
interior  of  each  specimen.  Leads  from  these  were  terminated  nearr  the 
inside  surface  of  the  window  specimens.  Eight  thermocouples  were  located 
on  the  exterior  and  interior  surface  of  the  transparency,  and  on  the 
surrounding  structure.  Temperature  measurements  utilizing  thermocouples 
were  also  made  of  the  temperature  chamber  air,  pilots  head  air,  and 
ambient  outside  air.  Thermocouple  locations  were  as  shown  in  Fiqurs  10. 

AEDC  installed  thermocouples  not  provided  by  DAC  and  completed  the 
measurement  circuit  as  required  for  recording  temperatures.  A recorder 
for  monitoring  and  recording  temperatures  at  maximum  of  one  second  intervals 
between  temperature  points  was  required.  Continuous  monitoring  and  recording 
was  necessary  during  heating  and  cooling  and  during  bird  impact  testinq 
for  each  test  shot.  Test  events  were  recorded  on  the  temperature  records 
as  they  occurred.  Thermocouple  wiring  schematic  and  connectors  for  hookups 
between  the  windshield/support  structure  and  the  instrumentation  equipment 
is  shown  in  Figure  19. 

Deflection  Measurement  Methods  - Bird  Impact 

High  speed  cameras  were  used  to  measure  deflections  at  selected  time 
intervals  during  impact.  Five  thousand  frames/second  cameras  were  set 
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Finure  17.  Sensing  Element  Resistance  Chart. 
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Figure  18.  Thermocouple  Locations. 


alonq  an  inboard-outboard  senment,  with  camera  locations  as  shown  in 
Figures  20,  21,  22  and  23.  Both  cameras  were  located  to  view  the  external 
and  the  interior  surface  of  the  transparency . A minimum  of  thirteen 
target  deflection  points,  nine  on  the  transparency  and  four  completing  the 
segment  geometry  on  the  structure  were  required.  For  this  deflection 
measurement  evaluation,  it  was  anticipated  that  during  impact,  the  deter- 
mination of  all  target  point  deflections  may  not  be  attainable,  but  suffi- 
cient definition  was  still  expected  to  be  obtained  from  those  which  remained 
in  view.  The  results  were  not  entirely  satisfactory,  although  a camera 
was  located  for  an  overall  view  of  the  bird  impact  and  test  specimen. 

Deflection  measurements  were  made  using  cameras  No.  2,  3 and  4 shown 
in  Figure  21  and  cameras  No.  Cl  and  C2  shown  in  Figure  23.  The  points  on 
the  windshield  for  which  measurements  were  made  on  deflection  during 
impact  were  the  same  points  for  which  the  measurements  were  made  in  the 
static  tests  using  the  deflectometers.  These  ooints  are  shown  in  Figure  24. 
Deflection  measurements  were  made  in  the  following  manner:  points  to  be 
measured  were  marked  on  the  windshield  with  a cross  made  of  white  tape 
with  the  center  of  the  cross  marked  with  colored  tape.  A scale  was 
attached  to  the  deflection  point  and  positioned  to  lie  in  the  vertical 
plane.  A calibration  film  was  obtained  with  the  scale  in  position.  The 
scale  was  removed  and,  with  the  camera  position  unchanged,  movies  were 
obtained  of  the  actual  shot.  Measurements  were  then  made  by  first  placing 
the  calibration  film  on  a digitized  film  reader  and  determining  a scale 
factor  for  points  in  the  plane  of  the  scale.  The  film  made  during  the 
actual  shot  was  then  placed  on  the  film  reader  and  measurements  of  deflec- 
tion were  recorded  for  each  millisecond  of  elansed  time  (every  five  frames 
for  a frame  rate  of  5000  frames/second). 

Camera  No.  4 was  mounted  inside  the  module,  and  as  a result,  was  sub- 
ject to  movement  resulting  from  the  bird  impact.  In  order  to  correct  the 
error  that  this  movement  could  introduce,  a point  on  the  module  structure 
was  used  as  a reference  and  the  difference  between  the  movement  of  points 
on  the  windshield  and  this  reference  point  on  the  structure  was  then  taken 
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as  the  actual  windshield  deflection.  The  difference  between  the  measure- 
ment of  deflection  of  a certain  point  on  the  windshield  by  C2fT!9r?»s  2,  3 
and  4 can  be  attributed  to  errors  in  this  correction  and  the  correction 
for  viewing  angle. 

Deflection  Measurement  Methods  - Static 

Deflection  readings  were  required  at  several  points  for  the  static 
loading  conditions.  Maximum  deflections  at  the  taroet  point  were  required 
for  both  B-l  specimens  at  Impact. 

Deflectometer  Installation 

Nine  (9)  deflectometers  were  mounted  by  the  AEDC  on  the  inside  of  each 
left-hand  windshield  at  locations  noted  in  Figure  24  to  determine  deflections 
during  static  loading  tests.  These  were  Bourn  Model  109  linear  potentiometers. 

These  deflectometers  were  caoable  of  deflecting  at  least  two  (2)  inches 
before  bottoming  out.  The  deflection  gaqes  A through  E were  mounted  on 
a structural  beam  that  had  been  secured  at  the  aft  longeron  member  and 
the  forward  bulkhead.  The  deflection  gages  F throuah  I were  mounted  on 
a structural  beam  that  had  been  secured  to  the  center  beam  and  outboard 
beam.  Any  deflection  of  both  ends  of  deflectometer  support  beam  was 
measured  with  peripheral  deflectometers  1A,  2A,  3A  and  4A. 

Deflectometer  Recording  Equipment 

The  measurements  were  made  using  a Bourns  Model  109  linear  potentiom- 
eter as  the  active  leq  in  a Wheatstone  bridqe  circuit.  The  potentiometer 
shafts  were  spring-loaded  to  insure  intimate  contact  with  the  inside 
surface  of  the  windshield  and  to  cause  the  shaft  to  follow  the  windshield 
movement  during  rapid  unloading  of  the  applied  force.  The  oscillograph 
readings  were  recorded  before,  during  and  after  the  maximum  static  load 
was  applied,  and  upon  release.  The  deflection  data  were  supplied  in  inches 
versus  applied  load  and  inches  versus  time.  Thirteen  channels  of  deflec- 
tometer data  were  recorded  on  oscillographs. 
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Photographic  Coverage 

The  purpose  of  camera  coverage  was  threefold: 

1.  To  provide  a means  of  accurately  recording  structural  deflection 


under  impact  conditions. 

2.  To  provide  an  overview  documentation  of  the  shots. 

3.  To  verify  that  the  bird  package  was  intact. 


AEDC  provided  high  speed  16  mm  camera  (5000  frames/second)  to  measure 
specimen  deflection,  in  inches,  versus  time  durinq  bird  impact.  A medium 
speed  camera  (200  frames/second)  which  varied  in  location,  was  used  on 
some  shots  to  provide  a more  real  time  record  of  the  bird  impact  event. 

Both  black  and  white,  and  colored  high  speed  film  were  used  along  with 
appropriate  lighting. 

For  the  B-l  bird  impact  deflection  camera  locations  in  the  test  area 
are  shown  in  Figures  21,  22  and  23.  Camera  Numher  3 was  mounted  such  that 
it  viewed  the  interior  of  the  module  through  an  opening  in  the  side  below 
the  transparency.  This  camera  viewed  the  windshield  directly  on  shot  No.  1, 
but  was  positioned  to  view  the  windshield  through  a mirror  on  shots  2 
through  6 in  order  to  obtain  a better  angle  from  which  to  view  windshield 
movement  (Figure  22). 

For  the  windshield  simulation  impact  test  two  cameras,  Figure  23,  Cl 
ana  C2,  were  utilized  for  the  deflection  measurements.  A third  camera. 
Camera  C3,  was  positioned  to  provide  the  best  overall  view  of  the  test 
specimen  and  fixture. 

AE0C  supplied  Douglas  with  camera  lens  coordinates,  camera  viewing 
angle,  and  edited,  unspliced  copies  of  the  film. 
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One  copy  of  color  photographs  of  the  specimen,  environmental  fixtures, 
and  pertinent  pre-test  and  post-test  items  were  provided  Douqlas  and  the 
Air  Force. 

Still  color  photographs  were  made  of  the  test  setup,  including  the 
interior  of  the  module,  deflectometer  setup,  static  loading  device,  camera 
setup,  inner  and  outer  views  of  the  windshield,  and  general  overall  views. 
Color  photographs  were  also  made  of  the  test  article  after  imoact  to  record 
any  damage  to  the  windshields  or  supporting  structure. 
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SECTION  IV 
TEST  RESULTS 


i 

I 


This  section  presents  the  results  of  the  high  soeed  bird  impact  tests 
and  static  loading/dynamic  unloading  tests  on  the  R-l  windshield.  Also 
presented  are  the  results  of  the  high  speed  bird  impact  tests  on  the 
simulated  aircraft  windshield  specimens.  All  of  the  acouired  test  results 
data  are  not  presented  in  this  volume,  but  these  additional  data  may  be 
found  in  their  entirety  in  the  AEOC  Reports,  References  2 and  3.  The 
followino  paragraphs  present  a discussion  of  the  data  acquisition  and 
reduction,  test  data  uncertainties  (which  are  expanded  in  Reference  2), 
test  specimens  and  supportina  structure  behavior,  and  strain  gage  and 
deflection  tabulation. 

DATA  REDUCTION  AMD  UNCERTAINTIES 

Data  Reduction 
— 

Projectile  velocity  was  determined  from  three  X-ray  stations  located 
along  the  flight  path  between  the  launcher  muzzle  and  the  tarnet.  The 
velocity  measuring  system  was  mounted  on  an  instrumentation  dolly  with 
the  first  station  located  aoproximately  one  foot  from  the  muzzle  of  the 
stripper  tube.  The  X-ray  pulsers  were  triggered  when  the  chicken  broke 
a 24  gauge  copper  wire  in  an  electrical  break-wire  system.  The  time 
between  firings  of  the  pulsers  was  recorded  with  a digital  chronograph, 
and  using  the  time  together  with  the  distance  measured  between  images  of 
the  projectile  on  the  X-ray  film  (after  corrections  for  point  source  emis- 
sion), the  velocity  was  determined. 

Strain  gage  and  deflectometer  data  obtained  durina  the  static  portion 
of  the  static  loading/dynamic  unloading  tests  of  the  B-l  tests  only  were 
provided  to  Douglas  in  the  form  of  oscillooraph  traces  together  with  their 
respective  calibration  traces.  Strain  gage  data  obtained  durinq  the  dynamic 
unloading  portion  of  the  tests  and  the  actual  bird  shot  tests  for  both 
series  were  digitized,  then  plotted  as  a function  of  time. 
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Photographic  data  consisting  of  motion  picture  film  and  still  photo- 
oraphs  were  also  transmitted  to  Douglas  for  evaluation. 


Data  Uncertainty 


Estimated  total  uncertainties  associated  with  data  obtained  durinq 


these  tests  were  as  follows  (Reference  2) 
Parameter 

Velocity 


Bird  Weight 

Strain  Gaae  Readings 

Deflection  (using  deflectometers) 

Deflection  (using  cameras) 

Temperature 


Uncertainty 
+0.5  percent 
+_  0.1  percent 
+ 10. 0 percent 
+12.0  percent 
+ 0.2  inch 
+ 1 . 73°F 


Sources  of  uncertainty  considered  for  strain  gane  measurements 
include:  (1)  gaqe  factor  and  gage  resistance,  (2)  calibration  resistor 
value,  (3)  siqnal  conditioner  gain  (static  calibration/dynamic  operation), 
and  (4)  magnetic  tape  record/reproduce  system  gain  (static  calibration/ 
dynamic  operation).  The  bias  of  the  instrumentation  equipment  used  to 
record  was  estimated  to  be  negligible. 


3-1  WINDSHIELD  BIRD  IMPACT  TEST  RESULTS 
Test  Specimens 

The  tests  included  the  original  P-I  windshield  desion  and  installation 
requirements  utilizing  two  rows  of  tight  attachments,  then  revised  for 
two  rows  of  attachments  with  loose  holes,  one  row  of  attachments  with  tioht 
holes,  one  row  of  attachments  with  loose  holes,  and  one  test  with  every 
other  attachment  left  out.  To  accomplish  the  variances,  two  sets  of  bushings 
and  a new  set  of  retainers  for  the  left-hand  windshield  were  required. 

One  set  of  these  bushings  were  fabricated  accordinq  to  Rockwell  Drawing 
No.  L3000645,  and  the  other  set  fabricated  according  to  the  same  drawing 
but  modified  appropriately.  Before  each  bushing  was  installed,  it  was 
cleaned  with  alaphatic  naptha,  followed  with  cleaning  with  isopropyl 
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alcohol.  Dow  Corning  1200  primer  was  applied  to  each  bushing  and  then 
the  bushing  was  cemented  in  the  windshield  hole  with  Dow  Corning  93-007 
sealant.  The  new  retainers  were  modified  by  cutting  as  shov/n  in  Fiqure  2. 

During  the  previous  Rockwell  International  S-l  windshield  test 
(Reference  4)  the  right-hand  longeron,  near  the  centerline  of  the  module, 
was  damaged.  A larqe  piece  of  the  longeron  was  torn  off  durinq  bird  impact 
and  cracks  were  formed  in  the  web.  Most  of  the  damaged  sectior  of  the 
longeron  was  removed  and  a new  section  made  of  steel  was  installed 
(Reference  ARO  Drawing  No.  VST0409401).  The  rioht-hand  windshield.  No.  105, 
was  installed  before  the  tests  began  and  remained  for  all  the  shots. 

Static  Loading/Dynamic  Unloading  Tests 

Static  loading/dynamic  unloading  tests  were  conducted  before  each 
of  the  first  four  bird  impact  shots. 

The  loading  was  accomplished  by  means  of  hydraulically  operated  loading 
pad,  Figure  25,  which  was  mounted  with  its  axis  normal  to  the  impact  point. 

A quick-release  mechanism  was  incorporated  as  an  integral  part  of  the 
device  to  remove  the  load  with  a minimum  of  damping  action  attributable 
to  the  device  itself.  The  loadinq  device  was  calibrated  for  loads  up 
to  2500  pounds. 

The  test  procedure  was  to  obtain  deflection  measurements  usinq  the 
deflectometers  at  several  different  load  levels,  then  dynamically  release 
the  load  and  obtain  strain  versus  time  measurements  and  high-speed  motion 
picture  coverage  of  the  event.  High-speed  motion  picture  coverage  was 
provided  to  obtain  a visual  record  of  the  releasing  of  the  loadinq  pad 
and  to  measure  the  deflection  of  the  windshield  for  comparison  with 
deflectometer  measurements.  The  center  deflection  measurements  taken  durinq 
the  static  loading  tests  prior  to  the  first  four  bird  shots  are  presented 
in  Table  4. 


Figure  25.  B-l  Windshield  Static  Loading/Dynamic  Unloading  Test  Setup. 
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3ird  Impact  Tests 

A tabulation  of  the  test  results  is  presented  in  Table  t>  and  the  follow- 
inq  paragraphs  discuss  the  test  results. 

The  outer  acrylic  ply  of  Panel  No.  108  spalled  and  cracked  as  the 
result  of  shot  Number  1,  hut  there  did  not  appear  to  be  any  damage  to  the 
polycarbonate  structural  ply.  There  were  several  cracks  in  the  polycar- 
bonate inner  ply  that  appeared  to  emanate  from  an  area  that  was  damaned  by 
excessive  heat  being  applied  to  the  windshield  during  the  installation  of 
the  strain  qaoes.  Strain  gages  were  checked  and  damaned  ones  repaired  in 
preparation  for  the  static  test. 

On  shot  Number  2,  there  was  some  additional  spall  inn  of  the  outer  oly 
but  no  visible  damage  to  the  structural  ply  or  any  additional  crackinq  of 
the  inner  ply.  The  strain  gages  failed  in  the  impact  area  and  were 
replaced  in  preparation  for  the  static  test. 

nn  shot  Number  3,  usinq  windshield  oanel  Number  107,  the  outer  acrylic 
ply  spalled  and  cracked,  but  there  was  no  visible  damaoe  to  the  poly- 
carbonate structural  oly  or  cracking  of  the  inner  oly.  Aoain  the  damaned 
strain  gages  were  repaired  or  replaced  in  preparation  for  the  next  static 
test. 

Shot  Number  4 produced  very  little  damaoe  to  windshield  panel  Number  107. 
There  was  some  additional  cracking  and  peel  inn  of  the  outer  ply,  but  no 
visible  damage  to  the  structural  core  ply  or  inner  nly. 

Before  shot  Number  5,  every  other  bolt  common  to  the  windshield 
panel  was  removed.  The  ends  of  the  top  aft  retainer  (L3h00157-003)  and 
the  forward  end  of  the  lower  aft  retainer  (L30001 59-003) , which  were  not 
secured  with  bolts,  were  bent  outwards  as  a result  of  the  hydraulic  forces 
of  the  bird.  As  an  aid  in  preventing  this  from  occurring  on  the  followina 
shot,  bolts  were  moved  from  adjacent  holes  to  the  ends  of  the  retainer. 
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leaving  two  successive  holes  without  bolts.  This  bolt  confiquration  was 
successful  in  securing  the  ends  of  the  retainer  during  the  impact  of  shot 
Number  6. 

On  shot  Number  6 (six-pound  chicken),  the  inner  ply  cracked  but  did  not 
spall.  The  progressive  damage  to  the  outer  ply,  and  the  crack  pattern 
of  the  inner  ply  are  shown  in  the  Failure  Analysis  of  Appendix  A;  as  well 
as  a complete  failure  analysis  based  upon  crack  prooaoation.  Structural 
damage  to  the  module  also  occurred  as  the  result  of  this  shot.  Cracks 
appeared  in  the  aft  longpron  and  in  the  outboard  sill  structure.  Also, 
a few  bolts  failed,  hut  there  wa s no  penetration  of  the  bird  into  the 
interior  of  the  module. 

Documentation  of  the  tests  is  illustrated  in  Figure  2:6  for  vertical 
deflection  (bMUOb).  Tiie  strain  gage  maps  for  the  6-1  windshield  and 
the  36  x 36  inch  test  specimens  are  located  in  Aopendix  B. 
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Strain  Gage  Installation 


Strain  gages  were  attached  at  strategic  locations  as  shown  in  Figure  13 
for  the  windshield  and  in  Fiqures  3 and  5 of  Reference  5 for  the  structure. 
As  described  in  Section  III,  qaoes  were  installed  on  each  of  the  two 
windshields,  and  six  gages  were  selected  from  those  attached  to  the  struc- 
ture to  be  monitored  during  the  tests. 


Strain  measurements  were  made  using  a data  acquisition  system  comnrised 
of  bridge  completion  networks,  signal  conditioners,  recording  naonetic 
tape  machines  and  recording  oscillographs.  Tv'enty-two  recording  channels 
were  used  in  acouiring  data  on  deflection  tests  and  on  the  actual  test 
shots.  These  data  were  presented  as  oscillograms  and  were  digitized  and 
converted  to  the  desired  units.  The  bandwidth  of  the  recording  system  was 
DC  to  4 KHz. 
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WINDSHIELD  DEFLECTION  MAP 

Top  number  is  deflection  from  2500  pounds  static  load. 
(Bottom  Number)  is  deflection  from  bird  impact. 
Reference  2,  Camera  2 


Fiqure  26.  Windshield  Deflections  - B-l  Windshield  Bird  Impact  Test 
Specimen  SWU  107,  Test  Mo.  B!'006. 
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SIMULATED  AIRCRAFT  WINDSHIELD  BIRD  IMPACT  TEST  RESULTS 


In  order  to  finalize  and  optimize  all  of  the  structural  design  aspects 
for  a full  sized  B-l  alternate  windshield  design,  simulated  aircraft 
windshield  test  specimens  as  described  in  Section  II,  were  bird  impacted 
according  to  the  test  plan  described  in  the  same  section.  This  subsection 
details  the  actual  test  and  those  difficulties  encountered  in  the  course 
of  the  test. 

A computer  windshield  sizing  analysis  was  in  progress  during  the  design 
and  early  bird  tests  on  the  36  x 36  inch  windshields.  Based  on  these 
analyses  the  glass  windshield  support  structure  fixture  was  modified  for 
five  of  the  last  seven  bird  tests.  The  lower  stiffener  flanaes  were 
removed  on  three  of  the  support  structure  members  as  noted  in  Figures  28 
through  30.  The  removal  of  this  material  reduced  the  relative  stiffness 
of  the  structure  near  corners  B and  C as  noted  on  Figure  27.  The  reduced 
stiffness  is  more  representative  of  the  actual  B-l  structure  (refer  to 
Section  V). 

Bird  Impact  Tests 

rioted  in  Table  6 is  a complete  summary  of  the  test  results  for  the 
20  bird  shots  conducted  on  the  simulated  aircraft  windshield  specimens. 

The  results,  in  this  table,  are  arranged  in  ascendino  order  of  the  test 
sequence. 

The  three  qlass  laminated  specimens  (P/M  Z5942639-501 ) manufactured 
by  PPG  were  tested  at  three  thermal  regimes  and  withstood  the  impact  of 
a four-pound  bird  at  Vc  = 565  knots  without  excessive  damage. 

The  one  specimen  of  four  1 /4-inch  plies  of  polycarbonate  laminated  by 
Sierracin  was  successfully  tested  at  Vc  = 502  knots  at  maximum  hot  tem- 
peratures and  cracked  only  one  ply.  Subsequently,  this  specimen  was 
tested  at  Vc  = 565  knots  at  room  temperature  and  passed.  Since  the 
•'isticity  of  silicone  interlayer  does  not  chanqe  sianificantlv  at  the 
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CENTER  BEAR 


LONGERON 


a ■ 126,300  Ib/ln 
b ■ 110,700  lb/in 


-SIDE  POST 


a • 48,600 
b • 42,400 
c - 45,167 
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DEFLECTION  ' I ftHTFonu  _/  a - 48,300  lb/in  i 

REFERENCE  LINES  «■««»««*  b-  41,900  Ib/ln 

c - 45,134  Ib/ln 

a = Glass  Support  Structure  (P/N  Z5942633-1)  Stiffness 
b = Polycarbonate  Support  Structure  (P/fi  Z5°4 2638 -501  ) Stiffness 
c s Modified  Glass  Support  Structure  (P/M  Z5942638-1  ) Stiffness 


LONGERON 


Support  Structure. 
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lower  temperatures,  it  is  believed  that  this  specimen  desiqn  would  also 
withstand  the  bird  impact  at  lower  thermal  extremes. 

The  one  specimen  identified  as  Z5942639-505,  of  four  1/4-inch  plies 
of  polycarbonate  laminated  by  PPG  was  successfully  tested  at  maximum 
thermal  extremes  and  withstood  the  impact  of  a four-pound  bird  at 
V c = 565  knots. 

The  7/8-inch  ply  of  Dolycarbonate  laminated  specimen,  identified  as 
Z5942640-507  and  installed  with  one  row  of  attachments,  was  tested  at 
maximum  thermal  regimes  and  withstood  the  impact  of  a four-pound  bird  at 
Vc  = 565  knots. 

Instrumentation  and  Documentation 

Strain  measurements  were  made  using  a data  acquisition  system  com- 
prised of  bridge  completion  networks,  signal  conditioners,  recording  mag- 
netic tape  machines  and  recording  oscillographs.  Twenty-two  recording 
channels  were  used  very  successfully  in  acquiring  data  on  static  loading/ 
dynamic  unloading  tests  and  on  the  actual  bird  impact  test  shots.  These 
data  were  presented  as  oscillographs  and  were  digitized  and  converted  to 
desired  units  and  replotted  as  a function  of  time. 

This  strain  data  were  further  analyzed  by  taking  time  cuts  on  the  digi- 
tized plots  and  summarizing  all  the  strain  values  as  a function  of  time 
as  each  strain  gage  peaked.  The  strain  data  are  summarized  and  presented 
in  full  in  Reference  3 and  in  part  in  Appendix  B.  The  strain  maps  in 
Appendix  B show  the  strain  gage  measurements  at  pertinent  locations  for 
eacn  specimen. 

Deflection  data  consisting  of  motion  picture  film  edited  such  that  all 
camera  views  of  the  impact  and  adjacent  areas  were  reduced  into  deflec- 
tion versus  time  data  for  each  shot  and  punched  on  IBM  cards.  It  was  the 
original  intent  that  the  IBM  cards,  thus  punched,  were  to  be  used  to  olot 
deflection  versus  time  plots  for  four  predetermined  individual  lines  on 
the  surface  of  the  windshield,  as  shown  in  Figure  27. 
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A Douglas  proprietary  program  was  utilized  to  use  these  IE*1  cards 
and  plot  deflections  (as  a function  of  time  for  all  four  lines)  to  simul- 
taneously show  relative  deflections  and  windshield  shape  at  any  instant 
in  time.  This  information  could  be  used  to  verify  the  bird  impact  model 
described  in  Section  V.  A sample  output  of  deflection  at  time  ■ 0 milli- 
seconds, and  time  = 3 milliseconds,  is  shown  on  Figures  31  and  32.  This 
latter  figure  shows  a typical  lack  of  deflection  detail  in  the  area  of 
impact.  This  is  due  to  the  nature  of  the  deflection  data  collection 
process.  When  the  film  analyst  can  not  discern  the  motion  of  the  target 
lines,  no  deflection  data  can  be  punched  on  the  IBM  cards.  On  this 
series  of  tests,  meaningful  deflections  in  the  area  cf  impact  were  difficult 
or  impossible  to  obtain  due  to  obscuring  of  this  area  due  to  chicken 
debris,  or  in  cases  involving  cold  tests,  the  "cold-air  fogging"  of  the 
area  and/or  ice  and  frost  flakes. 


WINDSHIELD  SYSTEM  DESIGN  STUDIES 


This  series  of  high  speed  bird  Impact  tests  Is  based  on  a proper 
approach  to  windshield  design,  that  of  considering  the  entire  windshield 
system.  By  this  is  meant  the  structure  of  the  windshield  itself  coupled 
with  the  windshield  supporting  structure.  Any  evaluation  of  an  aircraft 
windshield  system  must  be  systematically  evolved  from  a review  of  past 
experience  and  available  related  Industry  design  philosophies,  design 
analyses,  and  test  fixture  development.  These  items  are  presented  in 
this  section. 

This  section  also  correlates  the  results  of  this  series  of  high  speed 
bird  impact  tests  as  relating  to,  and  affectinq  the  noal  of  this  prooram: 
demonstration  of  windshield  design  technologies  using  parameter  guidelines 
based  on  the  B-l  aircraft. 

DESIGN  PHILOSOPHIES 

In  recent  years  windshields  were  designed  to  meet  the  same  basic 
requirements;  yet,  differences  taken  In  the  design  approaches  and 
material  selections  have  resulted  in  the  introduction  of  problem  areas 
such  as  maintenance  problems,  marginal  service  lives,  failure  modes  that 
result  in  aircraft  flight  speed  restrictions  in  accordance  with  FAA  bird 
impact  requirements,  and  in  the  extreme,  the  loss  of  USAF  aircraft  due 
to  bird  strikes. 

Meaningful  data  that  were  available  for  an  Initial  review  for  the 
Windshield  Technology  Demonstrator  Program  Included: 

• Air  Force  furnished  F-lll  bird  impact  data 

• Air  Force  furnished  A- 1 0 and  A-37  bird  impact  data 

• Goodyear  Aerospace  reports  AFML-TR-74-234  Parts  I and  II 

• Rockwell  International  B-l  data  and  drawings 

• Airlines  service  experience  data  for  the  L- 101 1 and  B-747 
aircraft  windshields 


• FAA  bird  impact  study  reports 

• Douglas  DC-8/DC-9/DC-10  service  experience,  test  and  development  data 

• Vendor  furnished  data 

Subsequently  it  became  readily  apparent  that  the  windshield  design  for 
the  B-l  aircraft  should  be  directed  toward  combining  the  best  features 
of  the  Rockwell  International  B-l  design  and  the  Douglas  DC-10  design. 
Results  of  other  transparency  tests  performed  by  various  manufacturers 
were  also  evaluated  in  determining  an  optimum  design.  These  evaluations 
are  discussed  in  the  subsequent  subsections. 

Alternate  B-l  Windshield  System  Design  Approach 

In  an  endeavor  to  develop  an  alternate  B-l  windshield  design,  basic 
design  philosophies  and  guidelines  were  established  as  presented  in  the 
following  discussion. 

Since  the  B-l  windshield  is  part  of  an  existing  air  vehicle  system, 
certain  R-I  design  philosophies  and  requirements  were  maintained,  including 
the  following: 

• Aerodynamic  shape 

• Structural  member  locations 

• Reacting  pressurization  carry-thru  loading  between  the 
windshield  and  support  structure 

• Crew  compartment  pressurization  criteria 

It  was  determined  that  primary  consideration  must  be  given  toward 
defining  the  acceptable  failures  during  the  design  of  the  windshields 
and  supporting  structure  during  bird  impact  conditions.  Historically, 
on  Air  Force  aircraft  the  resultant  effects  of  a bird  strike  were  de- 
stroyed windshields,  destroyed  structure  and  frequently  a complete  loss 
of  aircraft  and  crew.  It  is  believed  that  the  windshield  should  be, 
at  worst,  disposable  after  a bird  impact,  but  still  should  be  capable 
of  meeting  operational  requirements  for  mission  completion.  The 
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windshield  structural  supporting  members  should  not  be  disposable  or  have 
permanent  deformation  because  of  high  maintenance  costs  to  replace  the 
structure. 

I 

The  existing  B-l  windshield  designs  make  use  of  retainers  that  are 
cornnon  to  more  than  one  transparency.  Frequently,  durino  a windshield 
replacement,  the  adjacent  windshield  and  retainers  were  damaged  and  the 

■ 

pressure  seal  was  destroyed.  As  a design  objective,  this  program  has 
been  directed  toward  utilizing  only  one  row  of  attachments  and  an  integral 
retainer  around  the  entire  periphery  of  the  windshield  for  ease  of 
installation.  Also,  for  ease  of  maintenance,  loose  hardware  such  as 
retainers,  shims,  fittings,  and  fasteners  that  are  difficult  to  account 
for  during  a windshield  change-out,  should  be  kept  to  a minimum.  The 
attaching  bolts  should  be  the  same  length,  nutplates  attached  to  the 
structure,  and  the  retainers  and  dry  seals  a permanent  part  of  the  wind- 
shield. 

Also,  since  it  is  virtually  impossible  for  a transparency  vendor  to 
manufacture  a curved  windshield  to  an  exact  shape,  attachment  holes 
should  be  oversized  to  allow  maintenance  personnel  to  readily  align 
the  windshield  on  the  aircraft  and  maintain  Interchangeability. 

Industry  Windshield  Design  Approach 

In  an  effort  to  test  only  the  most  promising  windshield  designs, 

I certain  engineering  judgments  were  made  as  to  windshield  materials 

(structural  plies  and  interlayers),  the  thickness  and  number  of  plies. 

The  basis  for  these  judgments  are  discussed  in  this  subsection. 

A method  of  calculating  bird  penetration  capability  for  a glass 
windshield  was  based  on  an  Informal  test  by  Douglas  Aircraft  on  the 
DC-10  glass  windshield.  The  DC-10  windshield  and  suoportina  structure  had 
been  successfully  bird  impact  tested  to  776  FPS.  Using  a mathematical 
analysis  based  on  an  equation  for  bird  impact  force  from  Reference  6: 
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P = K (W)2/3  (V)2  sin  A (1) 

where  P = peak  normal  force,  lbs., 

K * test  constant, 

W = bird  weight,  lbs. , 

i V = bird  relative  velocity,  FPS, 

A = impact  angle,  degrees. 

Assuming  the  same  peak  force  and  other  constants  hold,  then  the  DC-10 
glass  windshield  rotated  from  41°  to  25°  would  withstand  an  impact 
velocity  of 

V = C(776)2  = 967  FPS  (659  MPH) 

This  analysis  showed  that  a glass  windshield  was  structurally  feasi- 
ble; hence,  other  test  data  involving  glass  windshields  were  investigated. 

PPG  made  some  high-speed  bird  impact  test  data  available  (Reference 
7).  The  impacted  test  panel  consisted  of  two  glass  plies  .50  Inches 
thick  using  CIP  64  interlayer  and  a .110  inch  thick  outer  glass  shield. 

The  test  temperature  was  -16°F,  the  bird  impact  angle  was  25  degrees, 
and  the  impact  velocity  was  895  FPS  (610  MPH).  The  bird  did  not  pene- 
trate. Minor  glass  spall  was  visible  on  the  inner  ply.  The  configuration 
of  Figure  5 is  based  on  this  tested  design. 

An  effort  was  made  to  determine  the  effect  of  the  number  of  structural 
plies  on  bird  penetration  velocity  for  polycarbonate  laminates.  Reference  8 
indicates  that  the  penetration  velocity  for  a four-plv  laminate  is 
approximately  17  percent  higher  than  for  a 1"  monolithic  panel.  These 
results  apply  to  a flat  panel  at  room  temperature  and  a 45  degree  bird 
Impact  angle.  This  report  also  compares  the  effect  of  multiple  plies 
on  penetration  velocity.  A four-ply  laminate  with  CIP  0.10  inch  urethane 
is  approximately  20  percent  better  than  a three-ply  laminate  at  room 
temperature,  45  degree  angle  and  flat.  The  configurations  of  Figures  4a 
and  4c  are  based  on  this  tested  desion. 
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An  additional  comparison  from  this  report  may  be  made  for  a two-ply 
laminate  with  0.50  inch  plies  and  CIP  0.10  inch  urethane  interlayer 
by  applying  the  ratio  of  0.10  inch  urethane  to  .025  inch  Ethylene 
Terpolymer  (ETP)  to  the  curve  for  the  0.50  inch  plies  with  ETP  inter- 
layer. The  new  configuration  would  have  a penetration  velocity  greater 
than  766  FPS  (522  MPH)  and  slightly  less  than  the  four-ply  (0.25  inch 
per  ply)  Cvi  figuration  at  room  temperature,  45  degree  angle  and  flat. 

The  configuration  of  Figure  4b  was  based  on  this  design. 

From  this  report  (Reference  8),  Goodyear  makes  these  observations: 

1)  while  additional  plies  increase  the  penetration  velocity,  doubling 
the  number  of  plies  does  not  double  the  penetration  velocity;  2)  doubling 
the  plies  does,  however,  more  than  double  the  kinetic  energy  defeated; 

3)  the  relationship  between  impact  velocity  and  impact  angle  is  shown  in 
Figure  33.  The  results  of  the  current  B-l  tests  are  shown  superimposed  * 
on  it. 

Windshield  Mounting  Design  Approach 

Two  divergent  mounting  philosophies  have  been  used  throughout  the 
aircraft  industry.  One  mounting  philosophy  is  to  isolate  the  windshield 
from  the  aircraft  structural  loads.  The  second  is  to  carry  fuselage 
loads  through  the  windshield. 

In  the  first  mounting  philosophy,  it  is  necessary  to  design  the 
surrounding  structure  to  the  airframe's  fatigue  life  requirements  with- 
out depending  on  the  windshield  for  any  support.  This  philosophy 
dictates  a heavy,  stiff  structure.  Most  industry  studies  and  testing 
is  based  on  this  design  philosophy. 

The  second  approach  allows  a ’ighter  weight  structure  to  meet  the 
fatigue  life  requirements.  This  approach,  which  was  adopted  for  the 
alternate  B-l  windshield  system  design,  involved  a constant  analytical 
study,  throughout  the  design  process,  of  the  relative  stiffnesses  of  all 
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Figure  33.  Effect  of  Impact  Angle  on  Penetration  Velocity  for  Optically 
Treated  Polycarbonate  at  75°F. 
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elements  of  the  windshield  system.  Douglas  utilization  of  this  design 
approach  in  these  series  of  tests,  with  the  necessary  emphasis  on 
proper  support  structure  stiffnesses,  Is  presented  subsequently  in  this 
section. 

STRUCTURAL  SUPPORT  SIZING  ANALYSIS 

The  purpose  of  this  analytical  effort  was  to  conduct  a study  of  the 
B-l  baseline  support  structure  with  a glass-face  transparency  cross 
section  using  designs  composed  of  a single  thick  ply  of  polycarbonate, 
and  multilaminate  polycarbonate  and  glass  transparency  cross  sections 
to  provide  the  optimum  structure  to  resist  bird  Impact. 

This  study  includes  the  following  areas: 

• Identification  of  those  structural  elements  which  cause  undesirable 
changes  in  stiffness  at  any  point  throughout  the  transparency  and 
support  structure.  This  is,  essentially,  an  investigation  of 
sensitivity  to  changes  In  the  structural  stiffness  of  the  various 
elements  of  the  design. 

t Refinement  of  support  structure  that  is  required  to  provide  the 
flexibility  necessary  to  be  compatible  with  the  transparency  for 
bird  impact. 

• The  Influence  of  windshield  support  structure  corner  gussets/ 
fittings  on  the  impact  sensitivity. 

• The  effects  of  using  one  row  of  attachments  versus  two  rows  on 
Impact  response. 

Finite  Element  Model 

The  approach  taken  to  accomplish  this  study  was  based  on  utilizing 
a Douglas  redundant  force  analytical  computer  program.  The  resize 
finite  element  model  of  the  B-l  baseline  (AV4)  support  structure.  Figure 
34,  contains  the  structure  from  the  canted  bulkhead  at  Yp  * 293.3  aft  to 
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NO. 

DESCRIPTION 

NO. 

DESCRIPTION 

1. 

Forward  Lower  Fuselage 

10. 

Center  Beam  (Part  1) 

2. 

Aft  Upper  Fuselage 

11. 

Center  Beam  (Part  2) 

3. 

Eyebrow  Window 

12. 

Upper  Longeron 

4. 

Aft  Side  Fuselage 

13. 

Side  Post 

5. 

Aft  Lower  Fuselage 

14. 

Retainer 

6. 

Canted  Forward  Bulkhead 

15. 

Retainer 

7. 

Lower  Longeron  (Part  1) 

16. 

Windshield  (Bars) 

8. 

Lower  Longeron  (Part  2) 

17. 

Windshield  (Panels) 

9. 

Forward  Bulkhead  Fitting 

18. 

Windshield  to  Edge  Member 
Attachment 

Figure  34.  B-l  (AV4)  Modeling. 
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Yp  - 317.00  and  above  the  pressure  panel  at  Zp  = 26.5.  This  model 
consists  of  approximately  5,000  elements. 

The  system  was  modeled  with  the  qreatest  detail  at  the  transparency 
support  flanne.  The  transparency  and  edqe  attachments  were  modeled  on  a 
coarser  scale,  reflectina  the  need  for  relatively  less  detail  in  areas  of 
uniform  construction. 

Specifically,  the  modeling  of  the  structure  included  support  flanges 
modeled  to  account  for  local  bending  and  bolt  simulation.  Modeling  of 
the  attachments  in  the  flange  area  was  simplified  by  grouping  four 
attachments  together,  then  varying  the  stiffness  of  each  group  to  simu- 
late one  or  two  attachment  rows. 

A detailed  discussion  of  the  modeling  and  CASD  computer  program 
utilized  in  this  study  is  contained  in  Volume  2 of  Reference  14. 

Support  Structure  to  Transparency  Compatibility  Evaluation 

A basic  premise  in  designing  structure  to  efficiently  take  impact 
loads  is  that  there  should  not  be  areas  of  sudden  stiffness  discontinuities. 
Hence,  an  evaluation  of  the  support  structure  and  transparency  compati- 
bility was  made.  The  initial  evaluation  took  place  during  the  preliminary 
design  phase  so  that  necessary  adjustment  to  support  structure  stiffnesses 
could  be  made.  This  evaluation  was  accomplished  by  analyzing  the  finite 
element  model  with  a unit  load  at  each  of  the  105  transparency  nodes  to 
determine  the  stiffness  of  the  transparency  support  structure  at  different 
locations.  These  stiffnesses  were  mapped  for  each  of  the  candidate 
transparencies  listed  so  that  an  overall  view  of  the  stiffness  change 
can  be  seen  and  the  relative  compatibility  determined. 

As  indicated  in  Table  7,  Fiqures  35,  36,  37,  38  and  39  show  the 
transparency/structural  support  compatibility  plot  for  the  indicated 
configurations.  The  plots  show  lines  of  equal  stiffness,  calibrated  in 
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kips  per  Inch,  which  are  developed  with  consideration  for  the  effects  of 
both  transparency  and  support  structure.  These  compatibility  plots  may 
be  substantiated  by  comparing  the  actual  stiffness  of  a windshield  of 
given  configuration  with  the  plotted  stiffness  generated  for  the  com- 
patibility plots.  Specifically,  for  the  8-1  configuration  (Configuration 
C in  Table  7),  the  actual  stiffness  of  the  windshield,  as  measured  during 
the  static  loading  tests  of  test  number  BM006  is  9124  lbs/inch  (refer  to 
Equation  29,  Page  146).  This  value  compares  well  with  the  stiffness  of 
9500  lbs/inch  taken  from  the  compatibility  plot  of  the  corresoondino 
configuration,  Fiaure  37. 


TABLE  7.  DESIGN  CONFIGURATION. 

P0LYCAREONATE/GLASS  LAMINATES 


CONFIG. 

STRUCTURAL  PLIES 

NO. 

BOLTS 

REMARKS 

REF. 

FIGURE 

NO. 

MATERIAL 

t PLY 

a 

4 ply 

PC 

0.25" 

2 

35 

b 

2 Ply 

PC 

0.50“ 

1 

36 

c 

1 Ply 

PC 

0.87“ 

2 

B-l  Design 

37 

d 

2 Ply 

GLASS 

0.50" 

1 

38 

e 

4 ply 

PC 

0.25“ 

1 

39 

The  general  plan  was  to  establish  a baseline  with  the  extremes  being 
a flexible  transparency  and  a stiff  transparency  with  compatible  struc- 
tures for  each.  This  baseline  was  then  used  to  compare  transparencies 
with  intermediate  stiffnesses.  As  a result  of  the  compatibility  evalua- 
tion, it  was  determined  that  the  preliminary  bird  impact  test  specimens, 
4-ply  polycarbonate  windshield.  Figure  35,  was  the  flexible  transparency, 
and  the  glass  windshield,  Figure  38,  was  the  stiff  transparency. 

The  edge  attachment  for  the  flexible  transparency  was  originally 
the  two-bolt  configuration  (see  Fiqure  35)  as  it  was  most  effective 
for  pressure  loading.  Also,  this  provided  a test  as  to  whether  the  two- 
bolt  design  could  reasonably  be  used.  The  method  to  determine  if  a two- 
bolt  configuration  was  acceptable  was  by  evaluation  of  the  test  specimens 
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Finure  35.  Transnarenc.y/Support  Structure  Compatibility  Plot  4-Ply 
Polycarbonate  Design  - 2 Bolts  at  Edges. 


re  3fi.  Transparency/Support  Structure  Compatibil ity  Plot  2-Ply  Glass 
Deslqn  - 1 Bolt  at  Edqes. 


after  the  specific  36"  x 36"  preliminary  bird  tests.  This  Is  an  "autopsy" 
method  of  showing  compatible  structure,  or  the  lack  thereof;  since, 
by  natural  definition,  compatible  structure  tends  to  make  for  successful 
bird  tests.  Hence,  If  compatibility  can  be  obtained  for  this  configura- 
tion, then  structure  that  would  respond  in  a predictable  manner  and  of 
optimal  structural  characteristics  for  maximum  bird  impact  resistance 
can  be  analytically  determined  for  the  other  configurations. 

Initially,  the  analytical  studies  showed  that  corner  gussets  would 
provide  for  the  necessary  stiffness  or  flexibility  at  the  corners  of 
the  windshield.  During  these  windshield  tests,  this  was  not  verified. 

Because  minimum  strength  requirements  of  the  support  structure 
(based  on  2P  pressure  and  an  estimated  bird  impact  load)  dictated  its 
design,  the  desired  compatibility  could  not  be  obtained  through  the 


computer  resize  method.  Conditions  of  compatibility  could  be  met  only 
when  structural  elements  of  like-stiffnesses  existed  at  the  support 
structure  transparency  juncture.  Since  the  support  structure  was 
already  at  its  design  of  minimum  stiffness,  the  only  way  to  partially 
accomplish  the  desired  compatibility  was  to  use  a one-bolt  configuration. 
Subsequent  successful  36"  x 36"  specimen  bird  tests  utilizing  the  one- 
bolt  design  demonstrated  the  validity  of  this  approach. 

Initially  it  was  anticipated  that  the  support  structure  would  not 
provide  enough  flexibility  to  be  compatible  with  any  of  the  polycarbonate 
configurations.  However,  the  end  result  was  a support  structure  that 
could  be  used  for  any  of  the  polycarbonate  windshield  configurations. 

For  the  stiffer  glass  transparency,  the  support  structure  was  sized 


to  a minimum  stiffness  requirement  as  determined  from  the  36"  x 36" 
specimen  preliminary  bird  tests  and  the  strength  requirements.  A minimum 
stiffness  was  used  because  this  test  structure  is  more  flexible  in  its 
critical  corners  than  the  corners  of  the  B-l  support  structure.  This 
tends  to  compensate  for  the  increased  weight  of  the  transoarency. 


j 


It  should  again  be  noted  that  the  strength  requirements  dictate  a 
support  structure  design  with  a certain  minimum  stiffness.  This  may  be 
quantitatively  represented  as  (EI)edgfi  req>(j.  How,  (EI)edge  req,d-  • 

<EIV  struc.  + ^£I^transp.  edge.  Hence,  it  may  be  seen  that  In  the 
case  of  polycarbonate  transparencies,  where  Etpans  <<  E$up  struc>  there 
is  virtually  no  stiffness  contribution  from  the  transparency  edge,  so 
the  stiffness  of  the  support  structure  governs.  In  the  case  of  glass 
transparencies,  however,  Etran$  edgfi  and  E$up  stnjc  are  of  same  order  of 
magnitude,  hence,  the  transparency  can  add  to  the  stiffness  of  the  support 
structure.  So,  for  compatibility,  the  stiffness  of  the  glass  windshield 
support  structure  is  less  than  that  for  the  polycarbonate  windshields. 

Identification  of  Structural  Elements  That  Cause  Undesirable  Changes 
in  Stiffness 

A survey  of  industry-wide  windshield  bird  Impact  testing  relative  to 
support  structure  design,  as  well  as  observed  design  tendencies  on  this 
program,  indicates  that  an  overly  stiff  support  structure  tends  to  be 
designed  and  utilized  for  purposes  of  durability  during  a series  of 
impact  tests.  This  is  sometimes  rationalized  because  the  utilization 
of  very  stiff  support  structure  tends  to  place  maximum  load  on  the 
transparency.  Results  of  the  present  analyses,  as  well  as  the  36  x 36 
inch  specimen  bird  impact  test  program,  indicate  that  while  this 
"stiff"  approach  may  be  acceptable  for  center  shots,  it  is  very  unrealistic 
for  determining  bird  impact  capability  at  a location  which  will  ultimately 
be  mated  to  existing  airframe  structure  whose  stiffness  is  significantly 
different  than  that  tested. 

The  previously  described  analysis  (paqes  39  through  96)  was  used 
to  determine  the  areas  in  which  stiffness  changes  occur.  In  order  to 
identify  the  structural  members  which  contribute  to  the  change  In  stiff- 
ness, the  resize  capability  of  Douglas'  computer  program  was  used.  This 
program  allows  the  insertion  of  a load  and  deflection  at  a preselected 
location,  and  the  program  will  resize  the  structure  to  obtain  the  given 
deflection  with  minimum  weight. 


The  resize  program  for  the  4 ply  1-bolt  polycarbonate  configuration 
was  completed.  Minimum  areas  and  minimum  depths  were  used  for  the  wind- 
shield support  structure.  Even  with  these  greatly  reduced  sections, 

(to  provide  more  flexibility)  the  corners  were  still  too  stiff  to  be 
compatible  with  any  of  the  polycarbonate  windshield  configurations  as 
originally  designed.  Therefore,  a different  attachment  design  was 
indicated  to  reduce  the  stiffness  link  between  the  support  structure  and 
the  transparency.  This  was  accomplished  by  utilizing  the  one-bolt  con- 
cept. 

From  the  results  of  this  analysis,  the  moments  of  inertia  and  areas 
were  calculated  for  the  support  members.  These  were  compared  to  the  36 
x 36  inch  test  fixture.  It  was  found  that  the  stiffness  would  be  within 
the  limits  of  the  test  fixture  but  the  area  would  not.  For  this  case, 
the  model  was  modified  with  the  ability  to  either  add  or  subtract  areas 
in  such  a way  as  to  not  change  the  stiffness  significantly.  The  model 
was  resized  again  using  these  new  areas  and  a one-bolt  edge  attachment. 

Utilizing  this  resizing  approach  in  an  attempt  to  optimize  the  sup- 
port members,  the  four-ply  polycarbonate  laminate  analysis,  utilizing 
one  row  of  attachments,  was  completed  and  the  results  were  the  basis 
for  reworking  the  36  x 36  inch  specimen  support  structure  members  as 
shown  in  Figure  27,  Page  73. 

Attachment  Evaluation 

The  one-row  versus  two-row  attachment  evaluation  was  accomplished 
by  repeating  the  compatibility  evaluation  of  the  support  structure  to 
transparency  analysis  as  previously  described.  It  was  noted  during  the 
preliminary  36  x 36  inch  specimen  bird  Impact  tests  that  the  shearing 
of  the  polycarbonate  structural  plies  was  directly  related  to  the  degree 
of  edge  corner  stiffness.  Hence,  using  the  one-bolt  concept  significantly 
reduces  corner  stiffness  allowina  successful  subsequent  shots  on  the  simu- 
lated windshield  panels. 


In  addition  to  bird  impact  forces,  the  support  structure  design  must 
accommodate  the  aircraft  internal  pressure. 

Polycarbonate  Windshield  Support 

The  structural  cross  sections  for  the  polycarbonate  support  structure 
configuration  were  evolved  from  conventional  stress  analysis  techniques 
per  methods  of  this  section.  The  moment  of  inertia  is  approximately  3 
to  7 percent  greater  than  the  existing  Rockwell  B-l  design.  The  depth  is 
shallower  in  order  to  reduce  the  stress  in  the  outer  flanges.  The  rota- 
tional stability  has  been  increased.  The  area  of  this  support  structure 
is  approximately  twice  the  area  of  the  original  B-l  design.  The  cross 
sections  selected  for  the  simulated  aircraft  windshield  tests  are 
representative  of  the  proposed  production  design.  The  bolt  hole  spacing 
for  this  prototype  approach  was  approximately  1.625  inches. 

Glass  Windshield  Support 

The  support  structure  for  the  glass  windshield  was  sized  by  a 2P 
pressure  condition  (21.2  PSI)  and  was  designed  to  carry  fuselage  loads 
around  the  windshield  opening.  The  stiffness  of  the  center  post  for 
this  configuration  is  approximately  twice  the  Rockwell  B-l  design  to 
insure  the  necessary  low  stresses  in  the  glass  plies.  This  concept 
requires  only  one  row  of  bolts  for  attachment  of  the  transparency  to 
the  structure  and  improves  maintainability  considerably. 

The  hole  spacing  is  approximately  1.625  inches,  and  each  window  may 
be  removed  individually.  The  weight  (250  lbs.)  of  the  glass  windshield 

is  approximately  twice  that  of  the  polycarbonate  windshield  configuration. 

( 

The  glass  configuration  was  pursued  because  of  its  strength  at  high 
temperature,  its  excellent  optical  qualities,  and  its  capability  to 
defeat  the  bird.  Suitability  of  a glass  configuration  to  meet  these 
requirements  has  been  established  by  prior  tests  performed  at  Rockwell 
and  Douglas  Aircraft  which  are  reported  in  References  9 and  10. 
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Windshield  Deflection  Comparison 


A comparison  was  made  between  a 4-ply  polycarbonate  windshield,  a 
3-ply  polycarbonate  windshield,  and  the  Rockwell  B-l  windshield  using 
deflection  as  a basis  for  comparison  (Table  8).  Analytical  studies 
which  required  finite  element  techniques  were  conducted  by  Rockwell  to 
determine  the  structural  deflection  under  pressure.  The  model  used  a 
one-inch  strip  of  structure  with  two-bolt  attachments  for  the  simulation. 
When  the  comparison  was  made  for  a loading  condition  of  10.6  PSI  pressure, 
the  difference  in  deflection  for  the  three  configurations  was  less  than 
10  percent.  The  same  configurations  modeled  in  the  same  manner  but  with 
a single  bolt  deflected  approximately  23  percent  more  than  the  two-bolt 
installation.  Confidence  in  the  simulation  exists  since  the  B-l  analytical 
two-bolt  deflection  of  .202  inches  compares  favorably  with  R-I  test  data 
of  .208  inches  as  shown  in  the  bottom  row  of  Table  3. 

The  deflection  of  the  these  panels  is  a function  of  the  total  cross 
section  area  as  well  as  the  moment  of  inertia.  Solid  section  panels 
have  a higher  moment  of  inertia  than  multi-ply  panels  because  the  inter- 
layer has  a very  low  capability  to  transfer  shear  between  plies.  The 
deflections,  however,  are  almost  equal.  For  the  solid  panel,  the 
deflection  and  stress  is  dependent  on  the  moment  of  inertia  and  the 
hoop  tension  capability.  As  the  stiffness  decreases  with  a multi-ply 
panel,  the  hoop  tension  capability  predominates. 

The  results  of  the  one-belt  method  require  that  the  bolt  spacing  be 
reduced  from  1.625  inches  on  center  to  approximately  1.250  inches  on 
center  for  .25  inch  diameter  bolts  to  reduce  the  bolt  bendinq  to  an 
acceptable  level.  The  total  number  of  belts  was  reduced  from  232  to 
147,  a 37  percent  reduction.  Since  use  of  multi-layer  laminates  reduce 
light  transmission  and  degrade  optical  quality,  further  optical  studies 
were  conducted  on  two-ply  composites  for  polycarbonate  and  glass  trans- 
parencies, using  both  CIP  silicone  and  PPG  112  interlayer.  Refer  to 
Section  II  of  Reference  14  for  these  studies. 
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TABLE  8.  DEFLECTION  FOR  COMPOSITE  WINDSHIELDS 
SIZED  TO  FIT  THE  B-l  GEOMETRY 


PRELIMINARY 
DEFLECTION  - INCHES 

10.6  PS I PRESSURE 

50  INCH  RADIUS 

1 Row  of 
Bolts 

2 Rows  of 
Bolts 

4-Ply  Polycarbonate 
.25  Inch  per  ply 

(Figures  4;,  4c) 

0.379 

0.197 

3-Ply  Polycarbonate 
.25  Inch  per  ply 

(Figure  4a) 

0.412 

0.218 

2-Ply  Polycarbonate 
.50  Inch  per  ply 

(Figure  4b) 

0.305 

— 

1-Ply  Polycarbonate 
.87  Inch 

(Figure  4d) 

0.248 

0.202 

2-Ply  Glass 

.50  Inch  per  ply  with 

.120  Interlayer 

(Figure  5) 

0.078 

— 

1-Ply  Polycarbonate 
.67  Inch 

B-l  A/V  #3 

(PI  Test  1-25-75) 

— 

0.208 

101 


■ui  naa—Baw— i w 


PRELIMINARY  DESIGN  METHODS 

Several  independent  approaches  to  analytical  substantiation  of  test 
data  were  devised  and  utilized  in  the  design  phases  of  the  alternate 
B-l  windshield.  These  methods  were  used  to  advantage  in  this  program 
and  are  described  in  this  subsection. 

Deflection  and  Stress  Calculations  in  a Laminated  Beam 

Reference  11  describes  and  documents  the  theory  and  procedures  for 
calculating  the  elastic  deflection  and  stress  distribution  of  a flat, 
laminated  beam  with  fixed  ends  or  simply-supported  ends  comprised  of 
transparency  materials  subjected  to  a normal  point  load  at  the  midpoint 
of  the  beam.  The  development  of  a computer  program  using  the  basic 
theory  Is  presented  along  with  illustrative  examples  and  a "user's 
manual".  The  program  results  have  been  favorably  compared  with  actual 
test  data,  including  data  of  this  test  series,  and  with  a finite  ele- 
ment method.  This  subsection  presents  salient  features  of  Reference  11. 

Beam  configurations  used  as  a basis  for  the  included  illustrative 
examples  are  as  follows: 

Case  A - 4-ply  polycarbonate  laminated  beam 
Case  B - 2-ply  glass  laminated  beam 
Case  C - 1-ply  polycarbonate  laminated  beam 
Case  D - 2-ply  polycarbonate  laminated  beam 

Deflections  for  these  cases  are  generated  using  a unit  load  and 
are  as  shown  in  Figure  40  for  beams  of  varying  lengths.  This  figure 
shows  the  deflection  comparison  of  a laminated  beam  to  a multi -ply  beam 
without  Interlayer. 

Being  able  to  ascribe  a stiffness  value  to  a laminated  beam  is  of 
great  Importance  in  any  comparative  evaluation.  Techniques  of  Reference 
11  readily  allow  a calculation  of  the  "effective  stiffness"  of  any 
laminated  beam.  This  effective  stiffness  value  is  calculated  from  the 


deflection  at  the  beam  centerline  using  the  formula  for  a beam  with 
fixed  ends  and  a center  point  load  which  is: 

FL3 

EI(EFF)  = ^ (2) 

where  F is  load,  .L  is  length  and  V is  deflection.  Effective  stiffness 
varies  with  length.  Table  9 is  a comparison  of  effective  stiffness, 
at  various  lengths  for  the  four  cases,  to  the  stiffness  if  all  the  plies 
acted  as  individual  beams.  The  reason  why  effective  stiffness  increases 
with  length  is  that  the  Interlayers  are  more  effective  in  transferring 
shear  between  structural  plies,  as  length  increases.  Thus,  the  behavior 
of  the  longer  beams  approaches  monolithic.  Figure  41  shows  a 
plot  of  the  effective  stiffness  for  the  B-l  configuration  (Case  C)  as 
a function  of  length. 

The  analysis  and  computer  program  presented  by  the  methods  of 
Reference  11  were  developed  to  provide  a tool  for  evaluating  laminated 
combinations  of  transparent  materials  during  initial  design  of  wind- 
shields and  windows.  Historically,  formulas  and  theories  from  engineering 
handbooks  have  been  used  for  this  purpose,  but  these  methods  are  highly 
approximate,  for  the  most  part.  Application  of  "handbook"  formulas, 
as  modified  by  considerations  of  "effective  stiffness"  will  be  discussed 
later  in  this  section. 

It  should  be  appreciated  that  the  laminated  beams  analyzed  per 
Reference  11  could  represent  a strip  cut  from  a typical  aircraft  wind- 
shield transparency  remote  from  bulkhead  supports. 

The  primary  characteristic  of  such  a laminated  beam  is  the  relative 
ease  of  structural  plies  to  slide  past  each  other  because  of  the  softness 
of  interlayer  materials.  Also,  this  method  has  a solid  theoretical  base 
because  equilibrium  and  compatibility  equations  are  written  for  the  beam, 
based  upon  assumptions  that  preserve  the  important  features  of  laminated 
beam  behavior.  The  resulting  set  of  differential  equations  is  solved 
exactly. 


TABLE  9.  EFFECTIVE  STIFFNESS  (POUNDS-INCHES  SQUARE) 


OUTPUT  FROM  PROGRAM 

SINGLE  ACTING 
BEAMS 

(NO  INTERLAYER) 

LENGTH  OF  BEAM  - (INCHES) 

10 

20 

30 

50 

CASE  A 

4-Ply  Polycarbonate 

3,397 

5,683 

9,238 

19,212 

2,600 

CASE  R 

2-Ply  Glass 

217,500 

237,900 

270,600 

366,000 

209,100 

CASE  C 

1-Ply  Polycarbonate 

20,700 

23,450 

27,500 

37,900 

19,720 

CASE  D 

2-Ply  Polycarbonate 

14,326 

29,370 

48,175 

89,080 

7,900 

(Reference  11) 


Flat  Plate  Deflection  Analyses 

For  relative  ease  In  arriving  at  pertinent  preliminary  design 
parameters,  utilization  of  published  "handbook"  formulas  would  be 
desirable.  This  subsection  presents  analyses  utilizing  "handbook"  flat 
plate  formulas,  and  presents  data  Indicating  their  suitability  for 
preliminary  design  purposes.  A comparison  of  the  "handbook"  approach 
with  test  values  Is  made. 

Flat  Plate  Analyses  - Pressure  Loading 

Table  10  presents  analyses  that  were  performed  on  a windshield  of 
typical  construction  (2-ply  glass  per  Figure  5)  utilizing  "handbook" 
flat  plate  techniques.  Formulas  and  coefficients  from  Roark  (Reference 
12,  Article  59)  were  used  which  account  for  bending  as  well  as  in-plane 
tension.  The  analysis  in  Table  10  Is  shown  in  two  parts.  Part  A shows 
a typical  handbook  approach:  the  structural  plies  are  assumed  to  act 
separately  with  each  ply  supporting  half  the  pressure.  Part  B shows  a 
more  realistic  approach:  the  structural  plies  are  assumed  to  act 
together  through  a consideration  of  Interlayer  effectiveness.  An 
equivalent  thickness  Is  thus  obtained.  This  thickness  is  the  thickness 
of  a single  ply  which  acts  the  same  as  the  laminated  panel. 

The  total  pressure  Is  then  applied  to  the  effective  panel  as  shown. 

The  analyses  shown  consider  both  pinned-edges  and  fixed-edges  for 
comparison  purposes.  The  value  of  deflection  for  Case  B-2,  Table  10 
is  in  close  aqreement  with  the  finite  element  model  deflection  for  this 
configuration  as  discussed  on  paoe  100  and  shown  as  follows: 


HANDBOOK  ANALYSIS 
DEFLECTION 
(CASE  B-2,  TABLE  10) 

FINITE-ELEMENT  MODEL 
DEFLECTION 

(2-PLY  GLASS  CASE,  TABLE  3) 

% 

DIFFERENCE 

0.086  In. 

0.078  In. 

95 

Such  close  correlation  as  this  tends  to  lend  credence  to  "handbook" 
analyses  of  laminated  transparent  panels,  providing  all  parameters  are 
truly  representative. 


TABLE  10.  DEFLECTIONS  AND  STRESS  FOR  B-l  TYPE  WINDSHIELD 

USING  FORMULAS  FOR  FLAT  PLATES  UNDER  UNIFORM  LOAD 


Handbook  Analysis  (Reference  12,  Article  59) 

Structural  plies  act  separately. 

No  Interlayer  shear  assumed. 

Material:  2-ply  glass,  t ■ .50  In.  per  ply  (Ref.  Figure  5). 
Modulus  of  elasticity:  E » 10  x 106  PSI. 

Panel  load:  10.6  PSI  (total  uniform  pressure  on  2-plies); 

W ■ « 5.3  PSI  per  ply. 

Average  panel  width:  b * 33  Inches. 

Handbook  length-to-wldth  Increment:  1.5  (actual  Is  1.8). 
Handbook  value  for  Poissons  ratio:  .316  (actual  is  .25). 
Handbook  values: 


1.5  K2  ■ .625 

(Edges  Pinned)  K3  = 4.48 


(Edges  Fixed)  K3  a 5.75 


Case  A-l  - Edaes  Pinned: 


The  above  handbook  coefficients  must  be  adjusted  to  account  for  a 
lesser  value  for  wbfyEt^: 


tt  . wb*  _ 5.3  (33) 


E,  ■ =4-  « = 10.06 

1 EV  10'  (.sr 

*2  ■ z-h  ' <-625>  ■ •5°3 


r3  * 4 k3  ■ t§#  (4-48>  ■ 3-606 


I 

TABLE  10.  (continued) 


Deflection,  y * Kgt  * .503  (0.50)  3 0.252  In. 

Stress,  S • (L  ^ * 3.606  -°-7  (-5-&2  3 8294  PSI  (at  panel 
J (33r  center) 

Case  A-2  - Edges  Fixed: 

K,  3 10.06,  3 (.28)  3 0.225,  K3  3 -}^|  (5.75)  = 4.63 

Deflection,  y 3 K^t  3 .225  (.50)  3 0.113  In. 

Stress,  S 3 K,  ^ 3 4.63  1Q-7  ■(•.%) 2 - 10,623  PSI  (at  center  of 
J (33T  long  sides) 


B.  Handbook  Analysis  (Reference  12,  Article  59) 

Structural  plies  act  together. 

Interlayer  shear  Is  effective. 

Same  conditions  as  Part  A,  and  same  panel  (Figure  5),  except  effec- 
tive stiffness  considerations.  Table  9,  are  used  to  calculate  an 
equivalent  thickness.  The  total  pressure  (w  - 10.6  PSI)  acts  on 
this  equivalent  thickness. 

Equivalent  thickness: 

El  3 270,600  lb-1n2  (Table  9,  Case  B,  length  3 30") 

t ■ [270,600  x )2]1/3  , 0-687  ,„ch 
lO7 

Case  B-1  - Edges  Pinned: 

F . . 'O.O  (33)4  . 5.64 

1 Et*  lO7  (.687T 

h a TO  {-625)  * °-28,  h “ TO  (4-48)  “ 2,02 

Deflection,  y 3 .28  (.687)  3 0.192  Inch 

Stress,  S 3 2.02  -IP-7  - 8754  PSI 

33^ 


TARLE  10.  (continued) 


Case  B-2  - Edges  Fixed: 

K.j  ■ 5.64,  Kg  * ( - 23)  * .126,  * yjyg-  (5.75)  3 

Deflection,  y * .126  (.687)  * .086  inch 

Stress,  S ■ 2.59  ’°7.  .l.f7J.2  . 

33* 


2.59 


11,255  PSI 


Flat  Plate  Analyses  - Central  Static  and  Bird  Impact  Loading 

This  subsection  will  present  methods  and  techniques  which  indicate 
that  the  B-l  bird  impact  problem  can  be  solved  utilizin'  “handbook" 
techniques,  coupled  with  test  results. 

When  considering  the  preliminary  design  of  windshield  panels  for 
bird  impact,  the  actual  width  of  the  panel  is  a critical  factor.  It  is 
difficult  to  arrive  at  a correct  value  for  this  width  without  supporting 
test  data.  From  a typical  B-l  windshield  static  load  and  bird  Impact 
test,  BM006  (Reference  2),  deflection  measurements  were  taken  with 
deflectometers  for  the  former  test  and  photographically  for  the  latter 
test.  These  deflections  were  plotted  and  are  shown  in  Figure  42  as  a 
function  of  location.  By  extrapolating  the  deflection  curve  to  the 
position  of  zero-deflection,  the  windshield  effective  panel  size  is 
determined.  Table  11  presents  these  effective  panel  sizes  for  the 
static  load  case,  and  for  the  bird  impact  case.  Note  that  the  "effective 
panel"  has  that  size  which  allows  it  to  behave  analytically  as  does  the 
entire  windshield  under  test. 

Before  flat  plate  formulas  can  be  utilized  in  these  cases,  realistic 
values  for  the  loads  must  be  obtained.  In  our  case  of  the  2500  pound 
static  load  on  the  B-l  windshield,  the  load  Is  already  determined,  and 
a flat  plate  formula  is  utilized  as  shown  in  Table  12,  Part  A,  to  arrive 
at  the  required  deflection  calculation.  However,  the  determination  of 
a bird  Impact  load  has  been  nebulous  at  best.  Utilizing  bird  impact 
equations  such  as  Equation  (1),  page  34,  results  in  the  followinq  calcu- 
lation for  a static  bird  Impact  force: 

F a 0.0558  wb2/3  V2  sin  9 

where  the  terms  are  as  defined  on  page  84.  Hence, 

F * 0.0558  (4)2/3  (953)2  sin  25°  =■  53,969  lbs. 

This  is  too  high  a force  for  impacts  on  typically  compliant  structure, 
as  will  be  shown  below. 


Ill 





**  Effective  panel  size  is  determined  by  the  location 


of  the  zero-deflection  line. 


TABLE  12.  DEFLECTION  FOR  E-l  WINDSHIELD  USING  FORMULAS 
FOR  FLAT  PLATES  WITH  COflCEflTRATED  LOAD 


A.  Deflection  due  to  static  load 

Material:  C-l  windshield,  SUU-107 

Structural  ply  * 0.87  polycarbonate 
Modulus  of  Elasticity:  E = 350,000  psi  (low  strain-rate  value) 

(Reference  13,  Table  13) 

Load:  P = 2500  lbs.  statically  applied  at  center. 

Effective  Panel  Size:  26”  x 42"  (Refer  to  Table  11) 

Lenqth-to-width  ratio:  1.62  (size  ratio) 

b = 26  in. 


a = 42  in. 


Ecuivalent  thickness: 

El  * 26,500  (Reference  Fiqure  41  for  lenath  = 26  inches) 


26.500  x 12 


= 0.96S  inches 


Deflection: 


y = a — =■  (Reference  12,  Table  10,  Case  42) 


where  a = 0.0778,  based  on  size  ratio,  a/b  = 1.62 


P = 2500  pound,  static  load  from  R-l  test  no.  BM006 


TABLE  12.  DEFLECTION  FOR  B-l  WINDSHIELD  USING  FORMULAS  FOR 
FLAT  PLATES  WITH  CONCENTRATED  LOAD  (Continued) 


hence  y = 0.0773 


(2500)  (26) 


(350  x 103)  ( . 968 ) 3 


* 0.41  inches 

B.  Deflection  due  to  bird  impact 

Material:  B-l  windshield,  SVfU-107 

Structural  ply  = 0.87  polycarbonate 
Modulus  of  Elasticity:  E = 384,00  psi  (high  strain-rate  value) 

(Reference  13,  Table  22) 

Load:  P = 11,000  pounds  (Eauivalent  static  load  from  4 pound  bird 
impact  on  target  with  spring-rate  K = 9124  pound/inch.) 
Refer  to  Figure  53  on  page  151. 

Effective  Panel  Size:  30  1/2'  x 60"  (refer  to  Table  12) 
Length-to-width  ratio:  1.98 

b =>  30  1/2  in. 


a = 60  in. 


Eguivalent  thickness: 

El  = 27,500  (Reference  Figure  41  for  length  = 30  1/2  inches) 


25,500  x 12 


» 0.95  inches 


Defl ection: 


y - a — — *-  (Reference  12,  Table  10,  Case  42) 
EtJ 
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To  alleviate  Impact  force  conservatism,  a method  for  determining  a 
static  bird  impact  force  equivalent  to  the  dynamic  force  would  be  highly 
desirable.  Such  a method  should  consider  the  compliance  of  the  windshield 
and  supporting  structure  to  be  most  effective.  An  analytical  study  is 
presented  in  Section  VI,  which  describes  a method  for  obtaining  an  equi- 
valent static  load  on  an  aircraft  windshield  system  subjected  to  a bird 
impact  and  evaluates  the  effects  on  this  load  due  to  the  relative  stiff- 
ness of  the  impact  area.  Hence,  for  a bird  impact  on  the  E-l  windshield 
(Test  number  BM006,  Reference  2)  which  has  an  effective  stiffness  at  the 
point  of  impact  equal  to  9124  pound/inch  (refer  to  Figure  37,  and  Eaua- 
tion  29),  the  equivalent  static  load  from  Figure  58  on  paae  150  is 
11,000  pounds.  This  force  is  19  percent  of  the  force  calculated  using 
Equation  (1)  on  page  34.  Justification  for  the  method  which  generated  this 
lower,  and  more  realistic  load  is  contained  in  Section  VI.  Table  12,  Part  B, 
calculates  the  deflection  due  to  bird  impact  on  a given  panel  utilizing 
flat  plate  formula. 

The  "Flat  Plate"  deflections  calculated  are  listed  below  and  compared 
with  actual  as-tested  B-l  windshield  deflections: 


LOAD  CONDITION 

CALCULATED 
B-l  WINDSHIELD 
DEFLECTION 

TESTED 

E-l  WINDSHIELD* 
DEFLECTION 

Static  Load 

.41" 

.33" 

+87. 

Bird -Impact 

2.46" 

242" 

+27 

♦Reference  2,  Test  BMP06. 

Thus  it  is  seen  that  handbook-type  preliminary  design  values  for 
laminated  panels  may  be  quite  accurate  if  the  input  parameters,  such  as 
stiffness,  effective  thickness,  and  load,  are  truly  representative. 


In  addition,  the  close  agreement  of  bird  impact  test-versus-analysis 
deflections  lends  credence  to  the  validity  of  the  equivalent  static  force 
method  presented  in  Section  VI. 


Math  Model  Computer  Program 

This  subsection  briefly  describes  a Douglas-developed  bird  impact 
dynamic  math  model  computer  program  and  presents  applications  that  have 
been  accomplished  to  support  the  alternate  B-l  windshield  design.  This 
work  was  accomplished  employing  a preliminary  version  of  the  Math  Model 
computer  program  ("IMPACT").  This  preliminary  analysis  is  described 
in  Volume  1 of  Reference  14  and  In  this  section.  The  Math  Model  computer 
program,  as  finally  submitted,  Is  documented  In  Reference  15. 

Part  1 of  Reference  15  describes  the  theoretical  basis  of  the  program, 
as  completed,  and  presents  applications  to  classical  problems  and  actual 
windshield  systems.  The  approach  is  based  upon  a finite  element  model 
of  the  multilayered  transparency  and  supporting  structure,  subjected  to 
time-varying  loads  representing  bird  impact.  The  eouation  of  motion  for 
the  model  is  derived,  considering  geometric  and  material  nonlinearities. 

The  approach  to  geometric  nonlinearities  is  based  upon  the  method  of 
fictitious  forces  and  deformations.  The  approach  to  material  nonlinearities 
is  based  on  the  Von  Wises  yield  criterion,  and  the  Pandtl-Reuss  equation. 

The  scope  of  the  computing  effort  is  minimized  by  introducing  a modal 
transformation.  The  transformed  nonlinear  differential  equation  of 
motion  is  solved  incrementally  in  time  and  iteratively  within  each  time 
step.  Calculated  results  produced  by  the  program  are  shown  to  correlate 
accurately  with  exact  solutions  for  simple  dynamically  loaded  structures 
that  exhibit  large  geometrically  nonlinear  effects. 

Part  2 of  the  report  is  a ‘User's  Manual",  and  Part  3 is  a "Programing 
Manual ." 

Since  the  use  of  the  Math  Model  is  not  generally  considered  to  be  a 
preliminary  design  method,  the  applications  in  this  section  are  included 
to  illustrate  its  demonstrated  partial  utility.  As  discussed  in  Section 
I of  Reference  15,  this  computer  program  is  not  fully  operational  for  all 
types  of  transparency  design.  However,  its  usage  for  laminated  transparent 
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panels  of  the  simulated  aircraft  windshield  qeneral  shape  is  shown  In  this 
section. 

Math  Model  Applications 

Applications  of  the  Math  Model  technique  pertaining  to  the  modeling 
and/or  analyses  of  the  B-l  windshield,  and  curved-and-flat-models  of  the 
simulated  aircraft  windshield  are  presented  below.  The  pertinent  test 
number/s  are  noted. 

These  analyses  were  run  concurrently  with  the  testing  described  in 
this  report.  The  version  of  the  Math  Model  computer  program  utilized 
was  not  considered  operational  and  the  results  thus  generated  were 
treated  as  preliminary. 

B-l  Windshield  Specimen 

The  finite  element  model  of  the  B-l  module  is  shown  In  Figure  43. 

Cross  sections  of  pertinent  structure  are  shown  In  Fiqure  44.  These 
figures  illustrate  some  structural  complexities  which  may  be  adequately 
represented.  A complete  analysis  of  the  B-l  windshield  was  not  accom- 
plished due  to  other  program  commitments. 

Simulated  Aircraft  Windshield  Specimen,  Curved  Model 

Fiqure  45  shows  a finite  element  of  a laminated  glass  specimen  which 
has  been  prepared  by  the  Math  Model.  The  specimen  modeled  is  PPG-002 
as  tested  per  test  number  BM014.  The  specimen  and  test  are  described 
In  Sections  II  and  IV.  A model  of  the  affected  structure  was  made  which 
Included  the  transparency  and  supporting  structure.  Figure  46  Is  a 
cross  section  of  the  transparency  showing  the  modeling  of  the  four 
glass  plies  and  three  Interlayers. 
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Fioure  45.  Simulated  Aircraft  Windshield  Specimen  Model . 


View  A-A 
(Enlarged) 


Fiqure  46.  Simulated  Aircraft  Windshield  Specimen  Model  Section 


Simulated  Aircraft  Windshield  Specimen,  Flat  Models 

Flat  finite  element  models  of  the  simulated  aircraft  windshield  test 
specimens  were  prepared  at  a time  when  a preliminary  model  generator 
applicable  to  flat  models  only  was  available,  and  before  the  final  genera- 
tor applicable  to  curved  models  was  completed.  Figure  47  shows  such  a 
model,  comprising  a transparency  and  supporting  structure.  The  modeling 
is  done  to  the  same  degree  of  detail  as  the  curved  model  of  Figures  *5 
and  46.  These  models  were  analyzed  with  the  aid  of  the  math  model  linear 
analysis  option,  rectangular  pulse  load.  Applications  of  the  program  to 
Flat  Model  numbers  2 and  3 are  as  follows: 

Flat  Model  Number  2 - A flat  panel  version  of  the  model  of  Fiqure  47 
representing  specimen  PPG-002  (test  number  BM014),  as  described  In  Section 
II  and  IV,  is  called  Model  number  2.  The  bird  weight  is  four  pounds  and  bird 
velocity  is  939  fps.  Material  properties  correspond  to  room  temperature. 

The  results  shown  in  Figures  48  throuqh  52  as  subsequently  described, 
represent  only  a small  fraction  of  the  total  amount  of  computed  data 
available  for  Model  number  2.  This  demonstrates  the  methodologies  which 
were  utilized  in  this  design  effort. 

Fiaure  43  shows  displacement  for  Model  number  2.  The  figure  shows  how 
a wave  traverses  the  panel,  starting  at  the  point  of  impact  at  time  t = 

0.002  second  after  first  contact.  The  wave  travels  diagonally  across  the 
panel,  and  reaches  the  opposite  corner  at  t = 0.008  second.  The  displace- 
ments shown  correlate  with  test  results  as  well  as  can  be  determined  from 
available  test  data. 

Fiqure  d9  shows  time  histories  of  the  total  load  and  displacements  at 
selected  points.  The  total  load  is  18,719  pounds  applied  as  a rectangular 
pulse  for  0.00208  second.  This  load  is  distributed  to  four  nodes  of  the 
model  adjacent  to  the  center  of  impact.  The  displacement  near  the  center 
of  impact  reaches  a maximum  at  approximately  the  end  of  the  load  pulse, 
and  then  damps  out  in  a sinusoidal  manner.  The  presence  of  at  least  two 
vibration  modes  can  be  observed.  The  displacement  at  the  panel  center  and 
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ure  47.  Simulated  Aircraft  Windshield  Flat  Model,  Model  Number 


Figure  49.  Load  and  Displacement  as  Function  of  Time,  Simulated  Aircraft  Windshield  Flat  Model , 
Model  Humber  2. 
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at  the  corner  opposite  the  point  of  Impact  reach  lower  maximum  values  at 
later  times,  again  showing  the  existence  of  a traveling  wave.  Note  the 
large  number  of  time  points  that  can  be  economically  calculated  with  this 
option.  Following  completion  of  a run,  responses  for  additional  time 
points  arbitrarily  chosen  can  be  calculated  with  little  additional  expense. 

The  upper  part  of  Fiqure  50  shows  relative  displacements  of  the  layers 
resulting  from  interlayer  compression  on  a section  of  the  transparency 
approximately  through  the  center  of  Impact  at  t = .0024  seconds.  These 
results  show  the  ability  of  the  match  model  to  account  for  through-the- 
thlckness  effects.  The  lower  part  of  the  figure  shows  bending  stresses  in 
the  upper  and  lower  surfaces  of  the  outer  glass  layer.  The  allowable 
stresses  for  the  glass  are  such  that  these  results  Indicate  failure  of  the 
layer.  The  test  (BM014),  which  was  conducted  after  the  analytical  results 
were  obtained,  confirmed  this  finding. 

Fiqure  51  shows  the  distribution  of  stresses  throuqh  the  thickness  of 
the  vicinity  of  impact  at  t = 0.0021  second.  The  results  indicate  not  only 
that  the  outer  olass  layer  would  fail,  but  also  that  the  polycarbonate  layers 
would  not  fail.  The  latter  prediction  also  wa s confirmed  in  the  subsequent 
test,  fbte  that  the  layers  are  bendinn  almost  indeoendently,  showino  that 
the  engineerino  theory  of  bendino  does  not  apply  to  laminate  construction. 

Fiqure  52  shows  stress  contours  computed  in  the  upper  surface  of  the 
glass  ply  at  t = 0.0021  second. 

Flat  Model  Humber  3 - The  analysis  of  the  model  shown  in  Figure  47 
was  repeated  with  CIP  Interlayer  material,  which  Is  much  less  stiff  than 
the  PPG  interlayer  material  of  Model  2.  An  additional  change  was  the  sub- 
stitution of  polycarbonate  for  glass  as  the  outer  layer  of  the  revised 
model  (number  3).  Responses  for  Model  number  3 were  generally  larger  than 
for  number  2.  Fiqure  53  shows  stresses  in  the  region  of  impact.  Failure 
of  the  polycarbonate  layers  is  Indicated. 


polycarbonate  layers  near  Impact  point;  time  ■ 0.0026  seconds 


Critical  Ply  Stresses,  Simulated  Aircraft  Windshield  Flat  Model,  Model  Number 
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SECTION  VI 

WINDSHIELD  SYSTEM  BIRD  IMPACT  STUDY 

This  section  presents  a method  for  analytically  determinino  a static 
load  on  the  B-l  aircraft  windshield  equivalent  to  the  actual  dynamic  load 
of  a bird  Impact.  This  method  evaluates  the  effects  on  this  load  due  to 
the  relative  stiffness  of  the  impacted  area.  Eauivalency  of  the  load 
determined  by  this  method  to  an  actual  dynamic  load  Is  established  by 
comparing  the  ensuing  windshield  responses  {displacements)  for  several 
actual  B-l  tests  (page  117).  The  structural  stiffness  of  both  windshield 
and  supporting  structure  are  included. 

In  the  previous  section,  a method  was  presented  which  modeled  and 
analyzed  the  B-l  windshield  by  transformation  into  an  eauivalent  flat 
plate.  An  example  of  flat  plate  analyses  uslnq  "handbook"  formulas  was 
shown  (Table  12).  This  was  accomplished  using  both  an  actual  static 
load  (used  in  Test  BM006),  and  a dynamically  eauivalent  static  load  which 
was  determined  using  methods  of  this  section. 

BACKGROUND 

High  speed  bird  impact  tests  have,  in  the  past,  been  performed  to 
accomplish  either  of  the  following: 

1.  Provide  a basis  on  which  to  judge  the  effectiveness  of  a 
particular  windshield  to  defeat  the  birdstrike.  (This  has  been 
done,  generally,  without  consideration  or  duplication  of  actual 
aircraft  windshield  supporting  structure.) 

2.  Provide  a means  whereby  forces  or  pressures  exerted  on  a taraet 
may  be  determined  when  subjected  to  various  impact  velocities, 
impact  angles,  and  bird  sizes. 
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As  is  well  known,  the  effects  of  Impact  on  structure  are  less  severe 
when  the  impacted  structure  Is  mounted  on  relatively  flexible  supports. 
However,  transparency  support  structures  have  been  desianed  most  generally 
by  loading  conditions  which  considered  aircraft  inertia  and  pressure 
only.  Although  bird  impact  loading  is  one  of  the  primary  parameters  for 
transparency  design.  It  has  received  only  secondary  consideration  relative 
to  design  of  support  structure,  and  then  only  If  the  support  structure 
failed  during  bird  Impact  tests  of  the  transparency. 

It  Is  generally  true  that  the  transparency  Impact  capability  Is  higher 
when  Impact  Is  near  the  center  than  near  any  of  the  support  structure. 

The  F-lll  windshield  system  Is  a good  example.  In  the  center  it  can 
withstand  a four  pound  bird  impact  at  velocities  over  780  knots;  however, 
near  the  support  structure  it  could  only  withstand  a four  pound  bird 
impact  below  500  knots  (Reference  16).  There  should  be  a ready 
explanation  for  this  decrease  in  the  windshield  capability  to  with- 
stand impact  near  the  support  structure.  If  a plate  is  loaded  statically, 
the  plate  stresses  are  higher  when  loaded  in  the  center  than  near  the 
edges.  This  implies  a structural  response  which  is  apparently  opposite 
to  the  observed  results  of  bird  impact  tests. 

These  observations  coupled  with  results  from  a survey  of  industry- 
wide bird  impact  tests  show  the  following: 

• The  bird  penetration  velocity  is  much  lower  when  the  impact 

is  near  the  support  structure  rather  than  at  the  center  of  the 
transparency. 

• The  optimum  transparency/support  structure  system  would  seem 
to  be  one  which  has  the  same  impact  capability  at  any  location 
on  the  transparency. 

On  the  basis  of  these  two  observations,  an  analytical  approach  was 
developed  which  would  (1)  consider  bird  imnact  loading  on  the  transparency/ 
support  structure  system  in  a manner  adaptable  with  other  types  of  design 
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loadinq,  and  (2)  would  provide  a method  whereby  the  bird  Impact  capa- 
bility of  the  transparency  could  be  quantitatively  studied  when  bird 
Impact  Is  adjacent  to  the  support  structure.  This  analytical  approach 
Is  presented  In  this  section.  Though  the  derivation  of  the  method  Is 
generally  rigorous,  Its  application  Is  shown  based  on  certain  test 
results  from  the  B-1  windshield  bird  Impact  tests. 

This  bird  Impact  study  Is  an  attempt  to  address  the  effects  of 
total  windshield  system  compliance  on  a rather  simplistic  level  which 
may  be  conveniently  used  In  the  preliminary  design  phases  of  windshield 
systems. 

It  should  be  noted  that  since  this  Is  a static  approach  rather 
than  a dynaml c approach,  the  static  effects  of  inertia  and  pressure 
loading  may  be  Included  In  the  final  analysis.  The  simplification  of 
the  time  parameter  Inherent  In  a static  analysis  reduces  the  complexity 
of  the  problem  for  an  Initial  approach.  This  leads  to  economies  during 
these  Initial  design  efforts  where  basic  design  trade-off  analyses 
should  occur.  The  use  of  a complex  computer  program  for  the  dynamic 
analysis  becomes  most  cost-effective  when  used  In  the  final  stages 
of  design  In  order  to  1)  eliminate  problem  areas  that  are  not  readily 
apparent  In  a static  analysis  and  2)  to  determine  the  exact  capabilities 
of  the  prospective  final  configurations. 

It  will  be  demonstrated  In  this  section  that  In  bird  Impact  situations, 
the  Inmedlate  structural  response  Is  primarily  dependent  upon  the  natural 
frequency  of  the  transparency/support  structure  system.  This  natural 
frequency  Is  a function  of  both  the  mass  and  the  stiffness.  The  trans- 
parency unit  mass  Is  relatively  fixed  by  available  materials  and  Is 
fairly  constant,  hence,  In  the  original  design  phase  only  the  trans- 
parency stiffness  can  be  readily  varied.  Using  this  static  Impact 
method,  curves  are  generated  which  show  the  relationship  of  the  equivalent 
static  load  to  the  stiffness  of  the  Impacted  transparency  system. 
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STRUCTURAL  RESPONSE 


To  ascertain  the  effects  of  stiffness  on  the  structural  response 
and  force  transmission  of  a windshield  system  subjected  to  a disturbing 
force,  a model  of  the  active  structural  elements  Involved  was  made. 

This  Is  shown  In  Figure  54,  together  with  the  attendant  disturbing 
force,  Q(t): 


Time 


Figure  54.  Mass-Spring-Damper  System  and  Arbitrary  Disturbing  Force. 
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To  simplify,  divide  the  equation  by  the  mass,  M.  Hence  equation  (3) 
becomes 


x * - 96£i 


This  Is  again  put  in  a more  convenient  analytical  form  by  rearranging 
and  redefining  terms,  thusly: 

x + 2ou  x + J;  x - q(t')  (5) 


where  c = damping  ratio  * c/2  /KM 

un  s natural  frequency  of  system  * A. TFT 

q = load  per  unit  mass 
t1  = dummy  time  variable 


To  arrive  at  a structural  response  to  this  system  of  applied  loads, 
impulse  considerations  are  employed.  Whenever  two  bodies  contact  and 
rebound,  the  change  of  momentum  of  either  Is  the  value  of  Impulse  on 
the  other,  whether  or  not  the  impact  is  elastic.  Using  previously 
defined  terms,  the  Impulse  I,  In  this  system  is 


I = Mdx 


* •/««• 


Rearranging  and  substituting  q 
following  expression: 


this  equation  reduces  to  the 


dx  * y*q  dt ' 


Figure  55.  Incremental  Impulse. 


{ 

The  solution  of  the  homogeneous  portion  of  Equation  (5)  is 

-Cu>  t 

x(t)  * e (xQ  cos  u»dt  + xQ  + ;un  xQ  sin  udt)  ( 7 ) 


where  xQ  = initial  displacement 


xQ  = initial  velocity 


t 


This  solution  is  equivalent  to  the  response  in  a free-vibration-with- 
damping  system  subjected  to  the  above  initial  displacement  and  velocity. 
Under  impact  conditions,  where  the  time  t'  is  so  short  that  there  is 
virtually  no  displacement  of  the  sprinq  (refer  to  Fiqure  54)  then,  at 
time  t'  * o. 


This  equation  of  motion  is  identical  to  that  In  a freely  vibrating  sys- 
tem with  subcrltlcal  damping  and  negligible  spring  displacement  (Reference 
22  , Equation  (8-46)). 


If  the  increment  of  velocity  Is  taken  as  initial 
time  t',  then  the  Increment  of  displacement  produced 
of  impulse,  q dt',  acting  (suddenly)  at  t * t'  Is 
-Cu)n(t-f)  / 

dX  3 * \“d/  Sl"  Wd(t_t,) 

or  in  Integral  form: 


x(t) 


-cun(t-t') 

q sin  u>d(t-t'  )dt* 


velocity  at  any 
by  the  increment 


(9) 

(10) 


This  expression  Is  the  total  displacement  produced  by  the  disturbing 
force  Q acting  on  the  system  for  a time  t * o to  t ■ t.  This  response 
is  referred  to  as  Duhamels  Integral. 


The  total  solution  to  Equation  (5)  Is  obtained  by  the  sunmiation  of 
Equations  (7)  and  (lo).  This  response  considers  all  initial,  steady- 
state,  and  transient  conditions: 


x(t) 


e 


-‘V 


(X0  cos  «dt  + x0  + ;u,nx0  sin  «dt) 

1 r^Jt-t') 

+ - /e  q sin  «d(t-t')  dt' 

d o 


(11) 
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For  further  equation  simplicity,  the  damping  ratio,  c.  Is  set  equal 
to  zero.  For  purposes  of  this  analysis,  this  simplification  Is  valid 
since  the  amount  of  damping  present  In  windshield  systems  composed  of 
state-of-the  art  laminated  transparency  materials  has  been  found  to  be 
small.  (Reference  13).  In  particular,  for  a windshield  beam  of  Q-l 
transparency  materials  the  damping  ratio,  c a 0.7  at  room  temperature. 
Also,  since  the  period  of  Interest  during  and  subsequent  to  a bird 
Impact  is  so  short,  the  amount  of  windshield  damping  has  negligible 
effect  on  response  In  the  period  of  i..terest.  Hence,  Equation  (11) 
reduces  to 


x(t)  * x„  cos  w t + sin  art 
'o  n n 

n 


~ / q sin  u)n(t-t  * ) dt‘ 


(12) 


In  a problem  involving  bird  impact,  we  may  properly  assume  the  initial 
displacement,  xQ,  and  the  Initial  velocity,  xQ,  of  the  system  are  both 

eaual  to  zero.  Hence,  Equation  (12)  reduces  to  Its  final  form  as 
t 


x(t) 


■if 


q sin  u;n  (t-t1 ) dt‘ 


(13) 


IMPACT  LOADING 

To  find  the  eauivalent  static  load,  S^,  at  any  time  t.  Equation  (13) 
representing  structural  displacement,  is  multiplied  through  by  the  spring 
stiffness,  K.  Hence, 

t 

SL(t)  ■ Kx(t)  - ^ J q sin  <un  (t-f)  df  (14) 
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The  assumed  arbitrary  disturbing  force,  Q,  which  Is  representative 
of  bird  Impact  Is  shown  In  Figure  56. 


Note  that  for  mathematical  simplification,  a rectangular  pulse  Is 
used  rather  than  the  triangular  pulse  suggested  by  the  University  of 
Dayton  In  their  bird  Impact  studies  of  References  19  and  20. 


Time 


Fiaure  56.  Disturbing  Force  and  Duration  for  Bird  Impact. 


This  force  Q(t)  Is  described  as  follows: 
F , o<t<t . 


Q(t) 


0 , t>t. 


where  F * effective  force  during  period  of  bird  Impact 
t^  = time  duration  of  bird  Impact 


Now,  the  force  per  unit  mass,  q(t')  is  then  equal  to 

o<t<td 

t>td 


i(f)  • 


F 

FT 


(15) 

(16) 
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where  M ■ effective  transparency  mass  (per  definition  on  paqe  136). 


Now,  from  Equations  (14)  and  (15),  the  equation  for  the  static  load 
In  the  time  period  from  t'  * o to  t'  ■ td  Is 


S,  (t) 


’ ^ / $1n  “n 


( t-t • ) dt ' , o<t<td 


Performing  the  required  Integration  gives 


\(t)  “ -JrC0Swn( t-f ) 

n n 


KF  1 

= cos  Wn  (0)  ’ cos  “ntJ 


1 - COS  cunt 


2 _ K 


Since,  by  definition,  u>‘  = ^ , then  Equation  (18)  reduces  to 


SL(t)  * F (1  - cos  aint ) , o<t<td 


The  equation  for  the  static  load  for  any  time  t,  qreater  than  t.  Is 

a 


SlW  ■ t f 


• r f 

r I s1nu  (t-t')df  / sin  w (t-f)dt', 

n j n / 

0 *d 


This  equation  reduces  to  the  following: 


sL(t) 


KF 

Miu 

n 


5- cos  (t-f) 


COS  con(t-td) 


- COS  oint 


td<t 


(21) 


By  using  Equations  (19)  and  (21),  the  University  of  Dayton  bird  Impact 
studies,  (References  19  and  20)  and  appropriate  empirical  data  from  actual 
B-l  static  and  dynamic  bird  Impact  testing  (reference  Section  IV),  the 
relationship  between  stiffness  and  equivalent  static  load  during  bird 
Impact  will  be  presented. 


WINDSHIELD  SYSTEM  IMPACT 

The  presentation  of  the  relationship  between  windshield  system  stiff- 
ness and  equivalent  static  load  during  bird  impact  follows  in  this  sub- 
section. This  method  Is  illustrated  through  utilization  of  test  data 
obtained  In  the  B-l  Windshield  Bird  Impact  Tests  as  described  In  this 
volume  In  Section  IV. 


Impact  Time  Duration 

It  has  been  determined  by  test  that  during  a high  speed  bird  Impact, 
the  deceleration  of  the  bird  is  negligible  (Reference  19,  Section  III). 

The  duration  of  the  force-time  pulse  is  eaual  to  the  time  It  takes  for  the 
bird  to  ‘'squash  up.“  This  time  Is,  then,  the  effective  bird  length  divided 
by  Its  velocity,  as  follows: 


where  t^  * time  duration  of  Impact  (sec) 
L * effective  bird  length  (ft) 

V * bird  velocity  (ft/ sec) 
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The  effective  lenqth  of  the  bird,  L,  Is  calculated  per  the  following 
equation: 

L » (L  + D/tane)/12  (23) 

where  L ■ length  of  bird  package  (Inches) 

D * diameter  of  bird  (Inches) 
e ■ Impact  angle  (degrees) 

These  parameters  are  as  shown  in  Figure  57: 


i 


Flnure  57.  Bird  Mass  Impact  Parameters. 


The  following  data  was  collected  In  the  B-l  windshield  bird  impact 
test  number  PM006,  Reference  2: 


V * 967  fps 
e * 21° 

W * 4.0  lbs 

The  length,  L,  and  the  diameter,  D,  of  the  bird  was  obtained  from 
representative  measurements  made  in  conjunction  with  bird  impact  testing 
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of  the  DC-10  windshield,  Reference  21.  These  dimensions  are  L ■ 8.5 
Inches,  and  D ■ 5.25  Inches  for  a 4.0  lb  bird.  The  effective  length,  L, 
Is  then  calculated  from  Equation  (23)  as 


L ■ (8.5  + 5.25/tan  21  )/12 
- 1 .85  feet 


and,  the  time  duration  of  Impact  Is  calculated  from  Equation  (22): 
0.002  sec. 


Effective  Force 

The  effective  force  Is  calculated  by  the  following  equation  (Reference 


J , MV2  sine 


where  M ■ bird  mass  * bird  wt/32.2  ft/seci 
V « 967  fps 
e « 21° 

T - 1.85  ft 


Therefore 


? * 3T7 


’967r  sin  21' 


22,500  lbs 


Effective  Spring  Stiffness 


The  effective  spring  stiffness  at  a particular  point  of  the  trans- 
parency system  Is  the  ratio  of  a known  applied  load  at  that  point  to  Its 
corresponding  deflection.  For  purposes  of  this  study,  the  average 
deflection  of  the  area  of  Impact  Is  utilized. 


During  test  number  BM006  of  the  B-l  windshield  bird  Impact  test 
series,  a static  load  of  2500  pounds  was  applied  normal  to  the  wind- 
shield at  the  center  of  the  bird  Impact  area.  Ensuing  deflections  were 
read  at  selected  points  with  appropriate  deflectometers.  (Refer  to 
Section  IV.)  The  deflections  In  the  bird  Impact  area  were:  0.38  Inches, 
0.28  Inches,  0.27  Inches,  0.24  Inches,  0.20  Inches.  The  effective 
spring  stiffness  Is  expressed  mathematically  as 

K * t— = (28) 

n L 61 
1=1 

where  P * applied  load  * 2500  pounds 

n = number  of  deflection  readings  in  target  area  = 5 
6^=  deflection  readings,  as  noted  above 

Hence,  from  Equation  (28): 

K „ 2500 

3-  (.38  + .28  + .27  + .24  + .20) 

* 9124  pound/inch  (29) 


Effective  Transparency  Mass 

From  the  graphs  of  deflection  vs.  time  of  B-l  test  BM006  (refer  to 
Reference  2,  Figure  14),  the  natural  frequency  of  the  transparency  Is 
measured  to  be  40  cycles  per  second  or  251.33  rad/sec.  Furthermore, 
since  w*  ■ K/M,  then  the  effective  transparency  mass,  M,  is 

M « 

“n 


m 9124  pound/inch  n , pound-second 
(251.33)*  * 

This  mass  corresponds  with  the  definition  on  paqe  136. 
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Maximum  Static  Load  Versus  Windshield  System  Stiffness 


The  equivalent  static  load,  SL,  Is  a load  that,  when  applied  statically, 
will  produce  the  same  structural  response  as  occurs  dynamically  during 
bird  Impact  at  a given  time  t. 

Maximum  Static  Load,  t<td 

The  maximum  static  load,  Sjj,  that  can  occur  In  the  Interval  from  time, 
t*o  to  t»td  will  occur  at  t*td,  providing  that  the  period  of  structural 
response  Is  such  that  «ntd<jr.  It  should  be  noticed  that  this  reservation  Is 
of  little  concern  considering  the  anticipated  relatively  large  periods  of  real 
aircraft  windshield  systems.  Impact  Time  - Response  Ratios,  td/Tfl  (*un  td) 

Is  shown  In  Table  13  over  an  Indicated  natural  frequency  reg^. 

TABLE  13.  IMPACT  TIME!  - RESPONSE  RATIOS,  tj/T  , 

FOR  t,  « .002  SEC. 


NATURAL 


FREQUENCY 


(rad/ sec) 


PERIOD 


The  maximum  static  load,  , from  Equation  (19)  Is 
S, , » F(l-cos  <o_t .) 


I 


Substituting  the  calculated  results  from  Equations  27  and  30  and 
using  the  relationship  u>n  * /K7R  results  In 

Su  « 22,500  (1-cos^  (.002))  (3 

Maximum  Static  Load,  t>td 

To  obtain  the  maximum  static  load,  S^,  that  will  occur  at  times 
t>t . , use  Fquatlon  (21),  and  optimize.  The  maximum  static  load  will 

G 

occur  when 


1 " 2%  + V 


Hence,  the  maximum  static  load  from  Equation  (21)  is 

SL2  3 F [cos  “n  ^t_td^  *cos  wntJ  t:>td 

3 22’500  [cos  “n  ^ + *d  ' V - cos  “n  + td) 
- 22,500  |-cos  (J  + un  td) 

Therefore, 


S - 22,500  [-cos  <£♦  VoW<-( 


where  the  parameter  definitions  are  the  same  as  used  in  derivinq  Equation 
(32). 
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Load  Versus  Stiffness  Curves 

Curves  relating  the  maximum  equivalent  static  loads,  and  S^,  as 
a function  of  the  B-l  windshield  system  stiffness,  K,  for  a system  natural 
frequency,  f * 40  cps  are  shown  In  Figure  58.  These  curves  were 
developed  using  the  theory  as  developed  In  this  section  and  the  empirical 
data  for  the  particular  windshield  system  parameters  utilized  In  B-l  test 
number  BM006.  For  K ■ 9124  Ib/ln. , It  may  be  seen  that  the  maximum 
equivalent  load  Is  11,000  lbs. 

Expanding  the  basic  conditions  to  observe  the  behavior  of  SL-versus-K 
with  changing  B-l  windshield  system  natural  frequency  results  In  the 
family  of  curves  shown  in  Figure  59.  These  curves  show  the  maximum 
static  load  as  a function  of  both  the  windshield  system  stiffness  and 
natural  frequency. 

Curves  of  this  nature  may  be  generated  In  like  manner  for  other 
windshield  systems  providing  sufficient  supporting  analytical  or  test 
parameters  may  be  generated. 
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| ' SECTION  VII 

CONCLUSIONS  AND  RECOMMENDATIONS 

CONCLUSIONS 

B-1  Windshield  Bird  Impact  Test  Series 

[’  ) Test  results  show  that  the  existing  windshield  design  on  the  B-1  air- 

craft will  survive  bird  Impact  without  hazard  to  the  crew.  The  test 
temperatures  were  limited  between  55.5°F  and  72.0°F  windshield  temper- 
ature; therefore  the  results  are  valid  only  for  that  range. 

The  R-I  designed  windshields  were  determined  to  be  a very  high  cost 
Item  from  the  standpoint  of  installation.  Each  edqe  of  the  windshield 
had  to  be  installed  with  two  rows  of  attachments  and  on  several  edges 
the  exterior  retainers  were  common  to  another  transparency  involving  an 
additional  row  of  attachments.  As  a result  of  the  number  and  close  fit 
of  the  attachment  holes,  the  installation  and  removal  of  the  windshield 
was  time  consuming.  To  eliminate  the  need  for  common  exterior  retainers, 

L reduce  the  total  number  of  attachments  and  difficulty  of  installing 

attachments,  Douglas  modified  the  windshield  Installation  design  to 
utilize  only  one  row  of  attachments  installed  in  loose  holes  with  wet 
sealant. 

A series  of  six  bird  impact  shots  were  made  with  four  and  six  pound 
birds  at  velocities  up  to  562  knots.  The  test  results  show  that  the 
B-1  windshield  with  the  modified  edge  attachment  desian  will  meet  bird 
impact  requirements  at  room  temperatures. 

Simulated  Aircraft  Windshield  Bird  Impact  Test  Series 

To  optimize  the  design  of  the  windshields,  structural  support  and  edge 
designs,  a series  of  five  simulations  were  designed  utilizing  materials 
proprietary  to  three  transparency  vendors  for  bird  impact  testing.  Two 
specimens  of  each  design,  36  x 36  inches  in  size  and  curved  to  a 60-inch 
radius,  were  tested.  Each  design  represented  various  laminates  of 
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polycarbonate  or  glass  plies.  Two  structural  fixtures,  one  for  qlass  the 
other  for  polycarbonate,  were  used  to  support  the  simulated  windshields 
for  the  Impact  tests.  The  fixtures  were  designed  analytically  to  be  com- 
patible structurally  with  windshield  specimens. 

As  a result  of  the  impact  tests,  it  is  believed  that  a successful 
design  of  laminated  glass  or  laminated  polycarbonate  could  be  developed 
and  installed  on  production  aircraft.  A glass,  as  compared  to  a poly- 
carbonate laminate,  would  have  prohibitive  weight,  yet  the  qlass  laminate 
would  be  highly  reliable,  have  good  optical  quality,  and  potentially  meet 
maximum  anti-icing  requirements.  It  would  nave  the  disadvantage  of  having 
only  one  vendor  able  to  supply  production  windshields  with  the  desired 
vision  envelope.  The  polycarbonate  laminates  also  can  be  made  reliable, 
have  maximum  anti-icing  capabilities  and  It  is  felt  that  good  optical 
quality  can  be  developed  by  the  two  vendors. 

The  laminated  specimen  with  7/8-inch  thick  polycarbonate  can  be 
installed  on  a production  airplane  as  demonstrated  by  the  existing  B-l 
design. 

RECOMMENDATIONS 

The  recommended  windshield  is  the  end  result  of  a progressive  design 
system  of  optimization  which  utilized  the  work  documented  in  this  report 
and  in  Reference  14. 


Tests  were  run  with  a progressive  series  of  different  edge  restiaints 
and  stiffnesses,  and/or  various  transparency  designs  at  extreme  temper- 
ature conditions.  The  specimens  involved  in  these  tests  utilized  all 
current  state-of-the-art  transparency,  structural  and  interlayer  materials 
commercially  available  for  high-performance  aircraft.  There  were  five 
final  candidate  windshield  designs  in  this  program.  A primary  point  of 
test  specimen  evaluation  was  the  determination  whether  the  ensuing  speci- 
men failure  was  cohesive  (within  a ply  itself),  or  adhesive  (at  the  bond 
line  between  interlayer  and  structural  ply).  A cohesive  failure  ensures 
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that  the  maximum  possible  load  is  carried  by  a particular  ply  configuration. 

Of  the  tested  specimens,  the  two-ply  glass  design  provided  the  most  desired 
combination  of  strength  and  stiffness;  however,  the  weight  of  this  design 
was  prohibitive  for  high-performance  aircraft.  The  four-ply  polycarbonate 
design,  as  tested  per  this  report,  represents  the  structural  optimum  in 
lightweight  windshield  design  and  is  recommended  as  an  alternate  B-l 
windshield  design. 

A windshield  laminate  with  a 7/8-inch  thick  structural  ply  cannot  be 
recommended  since  the  ply  is  comprised  of  two  or  more  individual  plies 
fusion  bonded.  Laboratory  testing  indicates  that  fusion  bonded  material 
may  delaminate  and  cause  objectionable  visibility  problems  for  a flioht 
crew.  Also,  because  of  the  stiffness  of  this  confinuration , more  load  is 
transferred  to  the  support  structure  locally.  The  support  flange  near  the 
impact  point  was  cracked  in  each  of  two  tests  (possibly  the  cumulative 
effect  of  previous  shots  conducted  on  corners). 

Support  structure  corner  gussets  are  not  recommended  as  test  results 
indicate  conclusively  that  they  did  not  contribute  to  the  success  of  the 
specimens  withstanding  the  bird  impacts. 

j 

As  a result  of  analyses  made  relating  to  these  tests,  a semi-empirical 
method  for  obtaining  an  equivalent  static  load  on  an  aircraft  windshield 
subjected  to  a bird  impact  has  been  developed.  This  method  is  character- 
ized by  a mathematical  analysis  using  various  stiffness  loadings  derived 
from  either  test  data  or  a computer  supported  finite  element  math  model. 

The  method  also  permits  the  evaluation  of  the  effects  of  impact  load  due 
to  the  relative  stiffness  of  the  impacted  area.  This  bird  Impact  study  is 
an  attempt  to  address  the  effects  of  total  windshield  compliance  by  means 
of  an  analytical  method  which  may  be  conveniently  used  in  the  preliminary 
design  of  aircraft  transparencies. 
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APPENDIX  A 

WINDSHIELD  FAILURE  ANALYSES 

This  appendix  contains  detailed  failure  analyses  of  the  windshield 
specimens  utilized  in  these  series  of  high  speed  bird  impact  tests. 
Specifically,  for  each  specimen,  detailed  part  and  test  Information  Is 
listed,  followed  by  a visual  examination  and  discussion  of  salient  features 
of  the  failed  specimen.  Sketches  are  included  which  fully  illustrate 
failure  patterns  and  windshield  fabrication  details. 

All  specimens  were  returned  to  Douglas  after  the  bird  impact  testing 
for  this  series  of  visual  examination.  After  this  examination  and  failure 
analyses,  selected  parts  had  specimens  cut  from  them  such  that  material 
properties  could  be  determined  by  further  test.  (Reference  17). 

An  index  is  included  which  relates  specific  tests  to  the  related 
failure  analysis  tables  and  figures. 
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TABLE  A. 1 . 


P 


FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIMENS 
(B-l  SWU-1 08) 


TEST  ENCLOSURE 

P/N  L30001 51-001 

PART  NUMBER 

SWU-1 08 

TEST  NUMBER 

BM-004  and  BM-005 

SHOT  LOCATION 

Center 

V (Fps) 

951-953 

TEST  TEMPERATURE 

Ambient 

WINDOW  TEMPERATURE 

Ambient 

NO.  BOLT  HOLES 

TYPE  OF  ENCLOSURES 

Laminate  polycarbonate/sil iconr  windshield. 

TEST  RESULTS 

No  Bird  Penetration 

Discussion 

On  Shot  No.  I (BM-004),  the  outer  acrylic  ply  of  Panel  No.  103  spalled 
and  cracked  but  there  was  no  damaoe  to  the  polycarbonate  structural  ply. 
There  were  several  cracks  in  the  polycarbonate  inner  ply  that  emanated 
from  a damaged  area  appeared  to  be  a "heat  bubble"  where  a 3-inch  circle 
of  the  inner  ply  delaminated  from  the  interlayer  and  warped  out 
approximately  1/4-inch. 

On  Shot  No.  2 (BM-005),  there  was  some  additional  spalling  of  the 
outer  ply  but  no  visible  damage  to  the  structural  ply  or  additional 
cracking  of  the  inner  ply. 

Both  shots  were  with  a 4-pound  bird. 

No  detailed  examination  or  failure  analysis  was  performed  on  this 
test  enclosure  at  the  Douglas  facilities. 

Material  Identification  and  Dimensional  Verification 


The  material  identification  and  dimensional  verification  was  very 
close  to  the  requirements  specified  in  P/N-L3000  151-001  Drawing.  See 
Figure  A.l  for  detailed  comparisons. 
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Figure  A.l.  Material  Identification  and  dimensional  verification 
test  specimen  L3000151-001  (SWU108). 
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TABLE  A. 2. 

- 

FAILURE  ANALYSIS 

OF 

WINDSHIELD  SPECIMENS 

(B-l  SWU-107 ) 

TEST  ENCLOSURE 

P/N  L300151 -001 

PART  NUMBER 

SWU-107 

TEST  NUMBER 

BM-006,  BM-007 , BM-003  and  BM-009 

1 SHOT  LOCATION 

Center 

V (Fps) 

930-970 

TEST  TEMPERATURE 

Ambient 

WINDOW  TEMPERATURE 

Ambient 

NO.  BOLT  HOLES 

TYPE  OF  ENCLOSURES 

Laminated  Polycarbonate/Silicone  Windshield 

TEST  RESULTS 

No  Bird  Penetration 

Discussion 

On  Shot  No.  3 (BM-006),  using  windshield  panel  No.  107,  the  outer 
acrylic  layer  spalled  and  cracked,  but  there  was  no  visible  damaqe  to 
the  polycarbonate  structural  ply  or  cracking  of  the  inner  ply.  On 
Shots  4,  5 and  6 (panel  No.  107)  there  was  little  additional  damaqe  to 
the  windshield;  the  outer  ply  did  not  appear  to  be  damaged.  On  shot 
No.  6 (6-pound  chicken)  the  inner  ply  cracked  but  did  spall  (Figure  A. 2,  A.3). 

Every  other  bolt  coimion  to  the  windshield  was  removed  for  shot 
No.  5.  On  shot  No.  5,  the  ends  of  the  top  aft  retainer  (L3000157-003) 
and  the  forward  end  of  the  lower  aft  retainer  (13000159-003),  which 
were  not  secured  with  bolts,  were  bent  outwards  as  a result  of  the 
hydraulic  forces  of  the  bird.  As  an  aid  in  preventing  this  from 
happening  on  the  following  shots,  bolts  were  moved  from  adjacent  holes 
to  the  ends,  leaving  two  successive  holes  without  bolts.  This  bolt 
configuration  was  successful  in  securing  the  ends  of  the  retainer  during 
the  impact  of  shot  No.  6 (Figure  A. 4). 

Structural  damage  occurred  on  shot  No.  6;  cracks  appeared  in  the 
left  eyebrow  longeron  and  in  the  left  sill  structure.  Also,  a few 
bolts  failed,  but  there  was  no  penetration  of  the  interior  of  the 
module  by  the  bird. 

No  detailed  examination  or  failure  analysis  was  performed  on  this 
enclosure  at  the  Douglas  facilities. 
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TABLE  A. 2 (Continued) 

Material  Identification  and  Dimensional  Verification 

The  material  Identification  and  dimensional  verification  was  very 
close  to  the  requirements  specified  In  P/N  L30001 51 -001  Drawing.  See 
Figure  A. 5 for  detailed  comparisons. 


i 


1.  All  damage  Is  fro*  Test  BM006.  aacept  as  indicated:  7 tndlcataa  damage  from  (H007 

8 Indicates  damage  fro*  SN008 

*•  ai'notad*1*  <r*  th*  0uMr  *crj'Hc  p,y-  Gou«#*  *"  the  outbd  C-I-P  Interlayer 


3.  No  damage  to  core  ply  or  to  ipall  shield 
4-  ^^Indlcatei  acrylic  pieces  tom  out  (on  8*008) 

5.  © Indicates  def lactometer  location 

6.  A Indicates  target  point 

7.  • Indicates  tool  damage  (pra  BH006). 


Figure  A. 2.  B-l  windshield  test  specimen  (SWU107)  test  BM006  to  BM008. 


CODE 


L30001 57-003 


Every  other  bolt  removed  prior  to  BM008. 
Retainer  damage  from  Test  BMQ08 
Is  shown.  Damage  was  repaired  prior  to 
BM009,  and  bolt  pattern  altered: 


f * bolt  added 
| * bolt  omitted 


After  Test  BM008 


VIEW  FROM  OUTSIDE  LOOKING  IN 


Figure  A. 3.  B-l  windshield  retainer  modification  Test  BM008. 
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SHOWN  IS  DAMAGE  TO  INNER  PLY 


Figure  A. 4.  B-l  windshield  test  specimen  (SWU107),  inner  ply  surface, 
post-test  BM009. 


166 


Flqure  A. 5.  Material  identification  and  dimensional  verification, 
test  specimen  L3000151-001  (SWU107). 


TABLE  A. 3. 


FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIMENS 
(SWU-OOl) 


TEST  ENCLOSURE 

Z5942640-501 

PART  NUMBER 

SWU-OOl 

TEST  NUMBER 

BM-010 

BM-017 

SHOT  LOCATION 

A 

C 

IMPACT  VELOCITY  (fps) 

941 

737 

TEST  TEMPERATURE 

Cold 

Hot 

WINDOW  TEMPERATURE 

NO.  BOLT  HOLES 

Two  (2) 

TYPE  OF  ENCLOSURE 

Multi-layer  Polycarbonate/Silicone  Laminate 

TEST  RESULTS 

Bird  Penetration 

No  Bird  Penetration 

Test  BM-010 

Visual  Examination 

The  4-pound  bird  penetrated  and  punctured  through  the  extreme  upper 
corner  of  the  test  enclosure,  as  shown  In  Figure  A. 6.  All  the  doIv- 
carbonate  plies  were  either  cracked  or  ruptured.  Severe  delamination 
occurred  In  all  laminated  plies  In  the  bird  impacted  area,  and  some 
fringes  of  delamination  extended  to  the  bottom  "0"  comer.  Noticeable 
and  isolated  delamination  occurred  at  the  A and  D metal  edge  attachment 
retainer. 

Severe  delamination  occurred  in  all  plies,  depicting  the  poor  adhes- 
ion of  the  silicone  Interlayer  to  the  transparent  plastic  plies  of 
material.  Large  pieces  of  the  most  inner  polycarbonate  ply  was  complete- 
ly removed,  extending  directly  below  the  bird  impacted  area.  A series 
of  primary  cracks,  in  the  form  of  concentric  arcs  emanating  from  the 
center  of  the  bird  Impacted  area,  was  found  in  all  plies  of  polycarbonate. 

A series  of  secondary  cracks  and  fissures  tangent  to  the  primary  arc 
cracks  was  found  primarily  to  be  tensile  (brittle)  type  of  cracks. 
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TABLE  A. 3.  (Continued) 


r 


occasionally  with  chevron  fissures  emanating  from  the  cracks.  Typical 
shear  and  tensile/shear  concentric  cracks  that  appeared  around  the 
Impacted  area  are  shown  In  Figure  A. 6.  The  fracture  topoqraphy 
of  tensile,  tensile/shear  ductile,  and  brittle  failure  Is  shown  in 
Figure  A. 6. 

The  origin  of  secondary  cracks  and  fissures  usually  occurred  at  a 
point  tangent  to  the  concentric  cracks  or  fissure;  usually  Initiated 
by  an  internal  “flaw"  or  Inclusion  found  In  the  polycarbonate  material. 

Material  Identification  and  Dimensional  Verification 


The  material  identification  and  dimensional  verification  were  very 
close  to  the  requirements  specified  in  P/N  Z5942640-501  Dwg.  See 
Figure  A. 7 for  detailed  comparisons. 

Discussion 


The  rational  for  the  failure  mechanism  for  the  BM-10  bird  penet- 
ration Is  that  severe  interlayer  (silicone)  delamination  occurred  in  all 
plies  of  interlayers,  and  delamination  increased  in  area  to  the  internal 
portion  of  the  laminate.  The  individual  t’ansparent  plastic  plies  rup- 
tured or  fractured  in  shear  and  combination  of  shear/tensile  failure. 

The  majority  of  primary  cracks  failed  in  shear,  since  less  load  is 
required  to  produce  this  type  of  failure. 

The  primary  cracks  and  fissures  consisting  of  a series  of  concentric 
arcs  emanating  from  the  Impacted  area  and  are  formed  by  a cylindrical 
package  Impacting  a ductile  low  modulus  composite  polycarbonate  laminate. 

Test  BM-017 
Visual  Examination 

The  bird  impacted  the  "C"  corner,  however,  bird  penetration  was  not 
evidenced.  All  polycarbonate  plies  exhibited  some  cracks  and  fractures 
and  Interlayer  delamination.  There  was  much  less  primary  and  secondary 
cracks  and  fractures  as  compared  to  the  upper  BM-010  shot.  Edge 
attachment  holes  appear  to  be  in  good  condition.  The  shear  cracks  and 
fracture  topograph  appears  to  be  ductile  in  nature  - as  shown  in  Figure 
A. 6.  The  secondary  tensile  and  tensile/shear  crack  and  fracture  topo- 
graph appeared  to  be  smooth,  which  usually  Indicates  brittle  failure. 

Most  of  crack  and  fracture  did  not  reach  the  periphery  of  the  test 
enclosure.  The  acrylic  face  plies  exhibited  primary  shear  failure  mode 
and  cohesive  failure  of  the  interlayer  ply,  due  to  high  velocity  mech- 
anical erosion  as  a result  of  bird  impact. 
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TABLE  A. 3.  (Continued) 


Material  Identification  and  Dimensional  Verification 


The  material  identification  and  dimensional  verification  was  very 
close  to  the  requirements  specified  in  P/N  Z5942640-501  Dwg.  See 
Figure  A. 7 for  detailed  comparison. 

Discussion 


The  lower  Impact  speed  produced  less  delamination  and,  therefore, 
initiated  less  primary  and  secondary  polycarbonate  cracks  and  fissures, 
and  no  bird  penetration  was  evidenced.  The  attachment  holes  looked 
very  good  relative  to  internal  smoothness,  alignment,  and  crazings. 

All  strain  gauge  were  Intact  and  bonded. 

Although  all  the  polycarbonate  plies  were  cracked,  the  test  en- 
closure was  capable  of  withstanding  the  bird  impact  due  to  the  limited 
delamination  of  the  interlayer  between  the  various  plies  of  poly- 
carbonate. 
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Trim  retainer  (Al.) 
ripped  off 


Bird 

Penetratio 


BM010 


Ply  ,’9 


Ply  #9 
Removed 


Delaniination-^1' 


Delamination 


3M17 


VIEW  LOOKING  INBOARD 


Fiqure  A. 6.  Simulated  aircraft  windshield  test  Specimen  Z594264O-501 
(SWUOOl)  test  Numbers  BH010,  BM017. 


Figure  A. 7.  Material  Identification  and  dimensional  verification, 
test  specimen  Z5942640-501  (SWU001). 


TABLE  A. 4. 


\ 

' 


FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIMENS 


(SHU -002) 

TEST  ENCLOSURE 

Z5942640-501 

PART  NUMBER 

SWU-002 

TEST  NUMBER 

BM-011 

BM-016 

SHOT  LOCATION 

A 

C 

IMPACT  VELOCITY  (fps) 

960 

369 

TEST  TEMPERATURE 

Ambient 

Ambient 

WINDOW  TEMPERATURE 

Ambient 

Ambient 

NO.  BOLT  HOLES 

Two  (2) 

Two  (2) 

TYPE  OF  ENCLOSURE  Multi -layer  Polycarbonate/Silicon  Laminate 

TEST  RESULTS  Bird  Penetration  No  Penetration 


BM-Oll 

Visual  Examination 

The  4-pound  bird  penetrated  and  punctured  through  the  upper  "A" 
corner  of  the  test  enclosure  as  shown  in  Fioure  A. 8.  All  polycarbonate 
plies  were  cracked  or  ruptured.  Severe  delamination  occurred  in  all 
the  laminated  plies.  Large  amounts  of  interlayer  delamination  were 
present  In  #6  and  #8  interlayer  plies,  which  extended  into  the  lower 
portion  of  the  test  panel,  again  Indicating  poor  adhesion  of  the  sili- 
cone based  interlayer  to  the  P.C.  plies.  A large  series  of  primary 
concentric  arched  cracks  and  fissures  emanated  from  all  the  bird  im- 
pacted plies  of  P.C.  A series  of  secondary  cracks,  primarily  in  #9 
P.C.  ply,  emanated  from  the  primary  arched  cracks  and  fissures.  The 
entire  aluminum  trim  retainer  was  removed.  All  attachment  holes  looked 
good,  and  internal  hole  quality  looked  exceptionally  clean  and  smooth. 

Material  Identification  and  Dimensional  Verification 

Test  enclosure  P/N  Z5942640-501  - SWU-002  material  identification 
and  dimensional  verification  were  very  close  to  the  drawing  require- 
ments, except  that  the  interlayer  thickness  varied  slightly.  See 
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TABLE  A. 4.  (Continued) 

Figure  A. 9 for  detailed  material  and  dimensional  comparison. 

Discussion 

The  rationale  of  the  failure  mode  for  the  BM-011  bird  penetration 
is  exactly  the  same  failure  mechanism  as  reported  in  BM-010  shot. 
Immediate  and  severe  delamination  occurred  upon  initial  impact,  result- 
ing in  a series  of  concentric  shear  and  tensile/shear  cracking  of 
individual  Polycarbonate  plies. 

BM-016 

Visual  Examination 

BM-016  shot  was  identical  to  BM-011,  except  the  V ( fps ) was  369  as 
compared  to  960,  and  there  was  no  bird  penetration.  There  was  only 
superficial,  small  cracks  in  the  thin  outer  acrylic  ply  covering  a 
very  small  panel  area.  The  aluminum  trim  retainer  was  peeled  back, 
covering  about  10  attachment  holes.  There  was  one  secondary  crack  in 
the  outer  acrylic  ply,  starting  and  terminating  near  the  attachment 
holes.  All  the  strain  gauges  appeared  to  be  intact.  All  attachment 
holes  looked  to  be  in  good  condition.  (Figure  A.S) 

Material  Identification  and  Dimensional  Verification 
- — — 

Test  enclosure  P/N  Z5942640-501  - SWU-002  material  identification 
and  dimensional  verification  were  very  close  to  the  drawing  require- 
ments, except  that  the  interlayer  thickness  varied  slightly.  See 
Figure  A. 9 for  detailed  material  and  dimensional  comparison. 

Discussion 

The  low  speed  and  ambient  temperature  bird  test  shot  into  the  "C" 
corner  bounced  the  bird  successfully  and  produced  only  superficial 
damage. 


The  composite  transparent  test  enclosure  resisted  the  bird  impact 
shot  because  the  interlayer  did  not  delaminate,  and  acted  as  an  intact 
composite  structure. 


Feathers  in  ply  #1 


Bird  penetration 


.Trim  retainer 
ripped  off 


BM01 1 


Delamination  ° 


^sSSPah  T . 


1 Cracked  #1  ply 

A1 . frame  peeled  back 

VIEW  LOOKING  INBOARD 

Note:  Refer  to  Fiaure  6 
for  ply  I.D. 
numbers. 

Figure  A. 8.  Simulated 
(SWU002) , 

aircraft  windshield  test  Specimen  Z5946240-501 
test  Numbers  BM011,  BM016. 

gure  A. 9.  Material  identification  and  dimensioi 
test  specimen  ZD942639-503  (SWU002). 


TAPLE  A. 5. 

FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIMENS 

(PPG -001) 


TEST  ENCLOSURE 

Z5942639-501 

PART  NUMBER 

PPG-001 

TEST  NUMBER 

BM-012 

BM-013 

SHOT  LOCATION 

A 

A 

IMPACT  VELOCITY  (fps) 

943 

948 

TEST  TEMPERATURE 

Ambient 

Ambient 

WINDOW  TEMPERATURE 

Cold 

Ambient 

NO.  BOLT  HOLES 

One  Row 

TYPE  OF  ENCLOSURE 

Laminated  Glass 

TEST  RESULTS 

No  Bird  Penetration 

Visual  Examination 

The  initial  bird  Impact  shot,  BM-012,  ruptured  only  the  Initial  ply 
of  l/2-1nch  thick  fully  tempered  glass  ply.  The  outer  chemically 
strengthened  ply  didn't  rupture.  The  origin  of  both  glass  failures 
emanated  from  the  center  of  the  impacted  area.  The  small  size  of  the 
glass  particles  Indicates  a high  temperature  and  a good  center  tension 
value  for  both  glass  plies.  It  was  difficult  and  time  consuming  to 
conduct  a more  quantitative  analysis  of  the  Inherent  stress  that  was 
either  thermally  or  chemically  (Ion  exchange)  Induced  in  each  ply  of 
glass. 

The  second  bird  impact  shot  BM-013  at  ambient  temperature  in  the 
same  comer  successfully  bagged  the  bird  and  did  not  allow  any  penet- 
ration. 

» 

All  plies  of  glass  were  ruptured  during  the  second  shot  at  the  same 
corner.  The  Interlayer  held  the  broken  pieces  of  glass  fairly  well. 

The  attachment  holes  looked  very  good.  Strain  gauge  and  thermo- 
couples appeared  to  be  in  good  condition  also.  (Figure  A. 10) 
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TAELE  A. 5.  (Continued) 


Material  Identification  and  Dimensional  Verification 

The  material  identification  and  dimensional  verification  was  very 
close  to  the  requirements  as  specified  in  P/N  Z5942639-501  Drawing.  See 
Figure  A. 11  for  detailed  comparison. 

Discussion 

The  laminated  glass  test  enclosure  displayed  its  capability  of 
successfully  bagging  two  high  velocity  bird  shots  in  the  same  corner 
without  bird  penetration.  The  PPG-112  new  Interlayer  exhibited  good 
impact  properties  by  its  ability  in  bagging  the  bird  and  toughness  by 
preventing  bird  penetration. 


1 


panes 


Figure  A. 11  Material  identification  and  dimensional  verification, 
test  specimen  Z5942639-501  (PPG001) 
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TABLE  A.f. 

FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIMENS 
(PPG-002) 

TEST  ENCLOSURE  5942639-501  Dwg.  Change  B 


PART  NUMBER  PPG  002 

TEST  NUMBER  BM-014  BM-015 

SHOT  LOCATION  C E 

IMPACT  VELOCITY  (fps)  939  515 

TEST  TEMPERATURE  Ambient 

WINDOW  TEMPERATURE  90°F 

NO.  BOLT  HOLES  One  One 


TYPE  OF  ENCLOSURE  Laminated  Glass 

TEST  RESULTS  No  Bird  Penetration 


Visual  Examination 

The  Initial  bird  shot  In  corner  "C"  ruptured  both  the  l/2-1nch  thick 
plies  of  thermally  tempered  glass  without  rupturing  both  external  chemi- 
cally strengthened  glass  plies.  The  second  shot  "E"  centrally  located 
between  "A"  and  "B"  comers  did  not  again  rupture  the  external  chemically 
strengthened  plies.  Both  bird  shots  sucessfully  bagged  the  bird  without 
penetration.  Fiaure  A. 12  depicts  the  bird  impact  area,  and  dark  shading 
Indicates  extremely  heavy  dicing,  producing  a translucent  appearance. 

This  test  panel  exhibited  extraordinary  phenomena,  by  taking  two 
fairly  high  velocity  bird  shots  without  rupturing  both  external  chemi- 
cally strengthened  glass  plies. 

There  was  no  measurable  deformation  in  the  test  enclosure.  Part  of 
the  aluminum  retainer  was  removed  during  bird  Impact. 

Material  Identification  and  Dimensional  Verification 

The  material  identification  and  dimensional  verification  was  not 
made  on  this  test  enclosure.  It  was  agreed  that  this  panel  be  shipped 
to  PPG  for  additional  examination  and  analysis. 
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TABLE  A.f.  (Continued) 


Discussion 


This  bird  Impacted  test  enclosure  exhibited  the  excellent  impact 
resistance  of  thin  chemically  strengthening  glass.  The  superior  physi- 
cal and  mechanical  properties  of  ion  exchanged  glass  was  quite  evident 
in  both  bird  shot. 

The  thermally  tempered  l/2-1nch  glass  plies  exhibited  fine  and 
uniform  dicing  characteristics.  Indicating  good  compression  tempering 
process  with  a fairly  high  center  tension.  The  toughness  of  the  PPG's 
112  Interlayer  was  quite  evident  In  bagging  the  bird  and  maintaining 
the  glass  particles  without  penetrating  the  external  chemically  streng- 
thened glass  plies. 


3oth  inbd 
and  outbd 


unbrokan 


Trim  retainer 
ri pped  off  ^ 


VIEW  LOOKING  INBOARD 


F iqure  A. 12  Simulated  aircraft  windshield  test  Specimen  Z5942639-501"3 
(PPG002) , test  (lumbers  BM014,  BM015. 
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TADLF  A. 7. 

FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIMENS 

(PPG -m3) 


TEST  ENCLOSURE 

| 

5942639-501  Dwg.  Change  "B 

I PART  NUMBER 

PPG-003 

TEST  NUMBER 

BM-019 

SHOT  LOCATION 

C 

IMPACT  VELOCITY  (fps) 

971 

TEST  TEMPERATURE 

Ambient 

WINDOW  TEMPERATURE 

Elevated 

NO.  BOLT  HOLES 

One  (1) 

TYPE  OF  ENCLOSURE 

Laminated  Glass  Enclosure 

TEST  RESULTS 

No  Bird  Penetration 

Visual  Examination 

• 

The  bird  shot  Impacted  the  "C"  corner  of  the  test  enclosure  at 
elevated  temperatures  and  ruptured  all  glass  panels.  A good  portion  of 
the  aluminum  retainer  was  removed  during  bird  impact.  The  outer  panel 
bowed  out  approximately  one  inch,  while  the  inner  laminated  panels  bowed 
out  approximately  three  Inches.  The  entire  panel  was  translucent, 
obviously  with  no  residual  vision.  The  chemically  strengthened  and 
thermally  tempered  glass  panels  exhibited  a uniform  and  small  glass 
particle  size,  indicating  the  panels  had  a high  compression  stress  ex- 
terior surface  in  the  tempered  glass,  and  good  center  tension  and  ion 
exchange  In  the  exterior  of  the  chemically  strengthened  glass.  (Figure  A. 13) 

Material  Identification  and  Dimensional  Verification 

The  material  identification  and  dimensional  verification  was  very 
close  to  the  requirements  specified  in  P/N  5942639-501  Dwg. , Change  "B". 

See  Figure  A. 14  for  detailed  comparison. 
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TABLE  A. 7.  (Continued) 


Discussion 


The  laminated  glass  test  enclosure  was  successful  In  bagging  the 
bird.  The  bird  Impact  and  elevated  window  temperature  caused  the  Inter- 
layer to  deflect  significantly  and  resulted  In  permanent  deformation  In 
the  Impacted  area.  This  test  seemed  to  demonstrate  the  bird  bagging 
capability  of  PPG's  112  Interlayer  at  elevated  temperature.  The  attach- 
ment holes  appeared  to  be  In  good  condition. 


i 


Material  verification 
specimen 


All  panes 
cracked 
(panel  is 
completely 
translucent) 


Outer  pane  towed  out  1 in 
Inner  pane  bowed  out  3 in 


Retainer  ripped  off 


VIEW  LOOKING  INBOARD 


Fiaure  A. 13  Simulated  aircraft  windshield  test  specimen  Z594263°-501 "3 
(PPG 003) , test  Number  BM019. 


Figure  A. 14  Material  identification  and  dimensional  verification 
test  specimen  Z5942639-501  (PPGG03). 


TABLE  A. 3. 


FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIMENS 


(SK-noi ) 

TEST  ENCLOSURE 

Z5942640-501 

Z5942640-501 

PART  NUMBER 

SK-001 

SK-001 

TEST  NUMBER 

BM-020 

BM-018 

SHOT  LOCATION 

A 

C 

IMPACT  VELOCITY  (fps) 

958 

847 

TEST  TEMPERATURE 

Ambient 

Ambient 

WINDOW  TEMPERATURE 

Ambient 

Elevated 

NO.  BOLT  HOLES 

One  (1) 

One  (1) 

TYPE  OF  ENCLOSURE 

Mul ti -1  ayer  polycarbona'.e/si  1 i cone 
Interlayer 

TEST  RESULTS 

No  Bird  Penetration 

BM-020 

Visual  Examination 

The  4-pound  bird  that  was  shot  at  the  "A"  corner  at  ambient  tempera- 
ture did  not  penetrate  the  test  enclosure.  All  the  polycarbonate  plies 
exhibited  primary  and  secondary  cracks  and  fissures.  Very  little  de- 
lamination was  noted,  however,  a large  amount  of  interlayer  internal 
"tear"  or  tear  fissures  was  quite  evident  just  outside  this  bird  im- 
pacted area.  The  presence  of  these  interlayer  fissures  are  quite  common 
to  elastomeric  polymer  under  high  strain  condition  that  may  occur  during 
bird  impact.  (Figure  A. 15) 

The  exterior  layer  of  the  interlayer  failed  cohesively.  There  was 
absolutely  no  delamination  of  any  interlayer  at  the  bird  impacted  area. 
Some  cracks  terminated  at  the  edge  attachment  holes;  however,  no  cracks 
or  fissures  propagated  to  the  panel  periphery.  All  of  the  attachment 
holes  appeared  to  be  in  excellent  condition.  Most  of  the  strain  gauge 
and  thermocouples  appeared  to  be  unbonded. 
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TABLE  A. 8.  (Continued) 


Material  Identification  and  Dimensional  Verification 


The  material  Identification  and  dimensional  verification  was  ex- 
tremely close  to  the  requirements  specified  In  P/N  Z5942640-501  Drawing, 
except  a l/8-1nch  thick  x 1-1/4  Inch  wide  reinforced  nylon/epoxy 
laminate  was  bonded  with  RTU-630  Silicone  sealant  to  the  aluminum  edge 
attachment  and  the  first  (Interior)  ply  of  polycarbonate  material.  The 
drawing  calls  out  that  the  silicone  Interlayer  should  extend  out  to  the 
periphery  of  the  panel.  Attachment  holes  appeared  to  be  drilled  at  a 
slight  angle.  (Figure  A. 16) 

Discussion 


This  test  panel  depicts  the  Importance  of  Interlayer  adhesion  to 
the  multi-plies  of  polycarbonate  material  for  achieving  maximum  bird 
impact  resistance. 

The  oustandlng  observation  is  the  lack  of  unbonding  or  del ami  nation 
of  Interlayer,  especially  In  the  bird  Impacted  area.  This  shot  was 
conducted  at  elevated  temperatures,  which  provided  a large  amount  of 
deflection  under  high  velocity  impact. 

All  layers  of  polycarbonate  exhibited  primary  shear  and  tensile/ 
shear  concentric  cracks  and  fissures  emanating  from  the  bird  strike 
area.  A series  of  secondary  slow  tensile  and  tensile/shear  cracks 
emanated  from  all  the  plies  of  polycarbonate. 

The  attachment  holes,  relative  to  hole  finish,  ovality,  alignment 
and  crazing,  looked  very  good. 

BM-018 

Visual  Examination 


The  high  velocity,  elevated  temperature  bird  shot  successfully 
bounced  the  bird  package,  producing  minimum  cracks.  All  four  plies  of 
polycarbonate  had  at  least  one  crack  or  fissure.  There  is  hardly  any 
notice  of  primary  shear  or  tensile  shear  concentric  cracks  or  fissure 
emanating  from  the  bird  strike  area.  The  majority  of  the  cracks  were 
secondary,  smooth  ductile,  fast  propagating  tensile  fracture. 

Again,  the  outstanding  observation  was  the  total  absence  of  Inter- 
layer delamination  or  unbonding,  especially  In  the  plies  In  the  bird 
Impacted  area.  An  extremely  small  area  of  Incipient  "tears"  or  "fissure" 
was  present  In  the  Interlayer.  Perhaps  the  elevated  temperatures 
affected  the  modular  of  elasticity  of  elastomeric  Interlayer,  as 
compared  to  the  previous  ambient  temperature  shot.  Figure  A. 15  depicts 
the  absence  of  cracks  and  fractures,  and  removal  of  aluminum  retainer. 
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TACLE  A. 3.  (Continued) 


Material  Identification  and  Dimensional  Verification 


The  dimensional  requirements  were  extremely  close  to  the  require- 
ments specified  in  P/N  Z5942640-500 , except  that  a 1/8-inch  thick  X 
1-1/4  inch  reinforced  wide  nylon/epo*y  laminate  was  bonded  with  RTU-630 
silicone  sealant  to  aluminum  edge  attachment,  and  the  first  (exterior) 
ply  of  polycarbonate.  The  drawing  specifies  the  silicone  interlayer  to 
extend  out  to  the  periphery  of  the  panel  with  no  reinforcement.  The 
attachment  holes  all  appeared  to  be  on  a slight  angle,  resulting  in  a 
little  more  edge  attachment  material  than  the  panels  prepared  by 
Swedlow.  (Figure  A. 16) 
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Figure  A. 16  Material  identification  and  dimensional  verification, 
test  specimen  Z5942640-501  ( SK001 ) . 
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TAELE  A. 9. 


FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIFENS 

(SHU -003) 


TEST  ENCLOSURE 

Z5942640-501 

PART  NUMBER 

SWU-003 

TEST  NUMBER 

BM-021 

BM-022 

SHOT  LOCATION 

A 

C 

IMPACT  VELOCITY  (fps) 

960 

847 

TEST  TEMPERATURE 

Ambient 

Ambient 

WINDOW  TEMPERATURE 

Cold 

Ambient 

NO.  BOLT  HOLES 

One  (1)  Row 

One  (1)  Row 

TYPE  OF  ENCLOSURE 

Multi-layer  polycarbonate/si 1 icon  laminate 

TEST  RESULTS  OF  BM-021 

Bird  Penetration 

Visual  Examination 

The  4-pound  bird  penetrated  and  punctured  a hole  through  the  upper 
"A"  comer  of  the  test  enclosure  as  shown  In  Figure  A.  17.  Severe 
Interlayer  del  ami nation  occurred  In  all  plies  and  extended  concentric 
from  the  Impacted  area.  The  unbonded  and  bonded  Interlayer  both 
exhibited  a series  of  minute  internal  tears  or  fissure,  indicating  high 
strain  rate  exposure.  The  aluminum  trim  retainer  was  almost  completely 
removed.  Several  Inches  of  the  aluminum  frame  was  missing.  These  areas 
are  depicted  in  Figure  A. 17.  A large  piece  of  (#9)  polycarbonate 
ply  was  also  missing.  All  polycarbonate  plies  were  cracked  and  ruptured. 

Edge  attachment  holes  appeared  to  be  In  good  condition. 

Material  Identification  and  Dimensional  Verification 


l 


i 


The  material  identification  and  dimensional  requirements  were  very 
close  to  material  and  dimension  specified  in  P/N  Z5942640-501  Drawing. 
For  detailed  comparison,  see  Figure  A.  13. 
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TABLE  A. 9.  (Continued) 


Discussion 


The  failure  mode  was  identical  to  the  previous  SWU  fabricated  36 
inch  x 36  inch  test  enclosure.  Again,  severe  delamination  upon  initial 
Impact,  followed  by  concentric  shear  and  tensile  shear  cracking  and 
rupturing  of  Individual  plies  of  polycarbonate  was  evidenced.  The 
impact  resistance  of  the  delaminate  composite  test  panel  was  reduced 
basically  to  4 plies  of  polycarbonate,  with  4 plies  of  unbonded  sili- 
cone Interlayer.  The  polycarbonate  seemed  to  have  large  amounts  of 
contamination  dispersed  throughout  the  sheets. 

Test  Result  of  BM-022  - Bird  Penetration 


Visual  Examination 


The  4-pound  bird  penetrated  and  punctured  through  the  lower  "C" 
corner,  leaving  a fairly  large  residual  opening  as  shown  in  Figure  , 
and  Figure  A. 17.  Even  though  the  shot  was  conducted  at  ambient  tempera- 
ture as  compared  to  the  low  temperature  shot,  the  same  type  of  failure 
and  mode  of  failure  occurred  as  in  the  previous  BM-021  shot.  Primary 
and  secondary  cracks  were  slightly  less  because  of  ambient  temperature 
and  slower  impact  speed. 

Material  Identification  and  Dimensional  Verification 


The  material  identification  and  dimensional  verification  was  very 
close  to  the  materials  and  dimensions  specified  in  ftxg.  P/N  Z5942640- 
501.  See  Figure  A. 18  for  detailed  comparisons. 

Discussion 


The  failure  mode  and  ruptured  surface  was  the  same  as  in  previous 
BM-021  shots.  New  findings  were  not  observed,  other  than  the  residual 
opening  left  after  the  shot,  which  was  the  largest  observed. 


Figure  l\. 18  Material  identification  and  dimensional  verification, 
test  specimen  Z5942640-501  ('WU003). 
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TABLE  A. in, 

FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIMENS 
(PPG-004 ) 

TEST  ENCLOSURE 
PART  NUMBER 
TEST  NUMBER 
SHOT  LOCATION 
IMPACT  VELOCITY  (fps) 

TEST  TEMPERATURE 
WINDOW  TEMPERATURE 
NO.  BOLT  HOLES 
TYPE  OF  ENCLOSURE 
TEST  RESULTS 


Visual  Examination 

The  upper  "C”  comer  was  bird  impacted  at  elevated  temperature  and 
only  cracked  the  outer  chemically  strengthened  glass  ply.  All  other 
plies  of  transparency  were  Intact.  The  BM-028  bird  shot  Impacted  the 
"B"  comer  at  a low  temperature,  and  bird  penetration  was  made.  The  #3, 
#5  and  #7  plies  of  polycarbonate  failed  in  shear  and  a combination  of 
tensile/shear  cracks.  There  was  slight  permanent  deformation  In  the 
upper  "B"  corner.  The  chemically  strengthened  glass  particle  dicing 
characteristics  Indicated  good  surface  ion  exchange  and  center  surface 
tension  value.  (Figure  A. 19) 

Material  Identification  and  Dimensional  Verification 

The  material  identification  and  dimensional  verification  agreed 
closely  to  the  requirement  specified  in  P/N  5942639-503.  See  Figures 
A. 20,  A. 21  for  detailed  comparison. 

Discussion 

The  laminated  plastic  composite  test  enclosure  exhibited  good  bird 


Z5942639-503 
PPG  004 
BM-023 
C 

953 

Ambient 

161 °F  Outer/ 
13i°F  Inner 
One 


BM-028 

B 

940 

-23°F  outer/35°F  Inner 


Laminated  Plastic  Composite  Test  Enclosure 
No  Bird  Penetration  Bird  Penetration 
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TABLE  A. 10.  (Continued) 


bouncing  characteristics  on  the  Initial  BM~023  test  shot  at  elevated 
temperature.  The  second  shot  BM-028  at  low  temperature  resulted  In  bird 
penetration  and  cracked  all  the  polycarbonate  plies  in  the  upper  "B" 
corner.  These  cracks  were  primarily  shear  and  a combination  of  shear 
and  tensile  failures.  The  cracks  propagated  to  the  immediate  edges  of 
the  panel.  Specified  damage  was  done.  Panel  #3  and  #5  fractured  in 
approximately  the  same  area.  The  edge  attachment  holes  all  appeared 
to  be  in  good  condition. 


Feathers  embedded 


Fracture  plies  #3,  5 


Pane  #7 
cracked 


3.‘ 1023 


Outer  glass  ply 
completely  diced  and 
some  removed 


VIEW  LOOKING  IN30ARD 
Panel  Weight  = 07.0  pounds 


Note:  Refer  to  Figure  7 
for  ply  I.D. 
number. 


Figure  A. 19  Simulated  aircraft  windshield  test  Specimen  Z5942639-503 
(PPG004) , test  Numbers  BM023,  BM028. 


Figure  A. 21  Material  identification  and  dimensional  verification, 
test  specimen  Z5942639-503  (PPG004). 


TABLE  A. 11. 

FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIMENS 
(SK-002) 


TEST  ENCLOSURE 

5942640-507 

PART  NUMBER 

SK  002 

TEST  NUMBER 

BM-026 

BM-027 

SHOT  LOCATION 

C 

B 

IMPACT  VELOCITY  (fps) 

939 

920 

TEST  TEMPERATURE 

Ambient 

Ambient 

WINDOW  TEMPERATURE 

213°F  Outer/ 

-40°F  0uter/+35°F  Inner 

143°F  Inner  Ply 

Ply 

NO,  BOLT  HOLES 

One 

One 

TYPE  OF  ENCLOSURE 

Laminated  polycarbonate  plastic  composite 

TEST  RESULTS 

No  Bird  Penetration 

Visual  Examination 

A 4-pound  bird  shot  at  the  "C"  corner  of  an  elevated  temperature 
test  enclosure  successfully  bounced  the  bird  and  damaged  only  the  outer 
thin  acrylic  ply.  A few  cracks  in  the  outer  acrylic  ply  and  inter- 
laminar shear  failure  of  the  silicone  based  interlayer  was  observed  in 
and  around  the  impacted  area. 

Another  bird  strike  was  conducted  at  the  "B"  corner  of  test  enclosure 
at  low  temperature  and  successfully  bounced  the  bird,  producing  only 
slight  damage  of  the  outer  acrylic  ply  and  some  interlaminar  shear  fail- 
ure of  the  silicone  interlayer.  The  outstanding  observation  made  was 
the  lack  of  del  ami  nation  of  the  interlayer  bonded  to  the  polycarbonate 
plies  at  both  elevated  and  low  temperature  bird  impacted  shots.  The 
edge  attachment  holes  all  appeared  to  be  In  good  condition.  The  test 
panel  had  a large  amount  of  residual  vision  remaining  after  two  bird 
strikes.  (Figure  A. 22) 
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TABLE  A. 11.  (Continued) 

Material  Identification  and  Dimensional  Verification 

The  material  Identification  and  dimensional  verification  was  not 
exactly  In  accordance  with  the  requirements  specified  In  P/N  Z5942640- 
507.  A l/8~1nch  thick  x 1-1/4  Inch  wide  reinforced  nylon/epo*y 
laminate  was  bonded  to  the  aluminum  edge  attachment  with  RTU-630  sili- 
cone sealant.  The  attachment  holes  appeared  to  be  drilled  at  a slight 
angle.  See  Figures  A. 23,  A. 24  for  additional  detailed  comparisons. 

Discussion 

This  test  Indicated  the  Importance  of  Interlayer  adhesion  to  trans- 
parency plies  for  achieving  maximum  bird  Impact  resistance.  The  out- 
standing observation  made  was  the  lack  of  Interlayer  delamination  and 
no  rupturing  or  cracking  of  the  structural  transparent  plastic  plies 
during  a hot  and  cold  bird  strike.  The  panel  had  a significant  amount 
of  residual  vision  remaining  after  both  bird  strikes. 


VIEW  LOOKING  INBOARD 
Panel  Weight  = 37-1/2  Pounds 


Figure  A. 22  Simulated  aircraft  windshield  test  SDecimen  Z5942640-507"3" 
(SK002) , test  Numbers  BM026,  BM027. 


Material  verification 
specimen 
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gure  P.24  Material  identification  and  dimensi 
test  specimen  Z5942640-507  (SK002). 


TAELE  A. 12. 


FAILURE  ANALYSIS 
OF 

WINDSHIELD  SPECIMENS 

(PPG-005) 


TEST  ENCLOSURE 

5942639-505 

PART  NUMBER 

PPG  005 

TEST  NUMBER 

BM-029 

SHOT  LOCATION 

B 

IMPACT  VELOCITY  (fps) 

931 

TEST  TEMPERATURE 

Ambient 

WINDOW  TEMPERATURE 

Outer  Ply  - 28°F,  inner  p 

NO.  BOLT  HOLES 

TYPE  OF  ENCLOSURE 

Laminated  Glass  Enclosure 

TEST  RESULTS 

No  Bird  Penetration 

Visual  Examination 

The  bird  Impacted  the  lower  "B"  comer  of  the  test  enclosure  at 
low  temperature.  There  was  no  bird  penetration;  only  the  outer  glass 
ply  ruptured  Into  finely  divided  fragments.  No  other  damage  was  obser- 
ved. The  outer  chemically  strengthened  ply  exhibited  a small  and  uni- 
form glass  particle  size.  Indicating  good  Ion  exchanged  surface,  as  well 
as  central  surface  tension  value.  (Figure  A. 25) 

Material  Identification  and  Dimensional  Verification 


The  material  identification  and  dimensional  verification  was  very 
close  to  the  requirements  specified  In  P/N  Z5942629-505.  See  Figures 
A. 26,  A. 27  for  detailed  comparison. 

Discussion 


The  laminated  glass  test  enclosure  was  successful  in  bouncing  the 
bird  at  low  temperature  and  relatively  high  speed.  PPG's  112  Inter- 
layer exhibited  sufficient  resiliency  at  low  temperature  when  subjected 
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TABLE  A. 12.  (Continued) 

to  a high  velocity  bird  Impact  shot.  The  edge  attachment  holes  all 
appeared  to  be  in  good  condition. 


Outer  pane 
completely  diced 


VIEW  LOOKIflG  INBOARD 
Panel  Jeiqht  = 94-1/4  Pounds 


Figure  A. 25  Simulated  aircraft  windshield  test  Specimen  Z5°42639-505 
(PPG005) , test  Number  BM029. 


Finure  A.  26  Material  verification  specimens, simulated  aircraft 
windshield  test  Specimen  Z5942639-505  (PPG005). 
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Figure  A. 27  Material  identification  and  dimensional  verification, 
test  specimen  Z5942639-505  (PPG005). 
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TABLE  8.  STRAIN  MAP  INDEX 


TEST 

IBM 

BH 

SPECIMEN 

STRAIN  GAGE  NO. 

FIGURE 

PAGE 

BM004 

B-l  SHU-108 

All 

8.1 

BH 

B-l 

BM005 

B-l  SWU-108 

All 

B.2 

i n 

Windshield 

BM006 

B-l  SWU-107 

All 

3.3 

1 El 

Strain 

BM007 

B-l  SWU-107 

All 

3.4 

213 

Map 

BM008 

B-l  SWU-107 

All 

3.5 

219 

BM009 

B-l  SWU-107 

All 

E.6 

229 

PPG -001 

11,  19 

3.7 

7FT 

BM012 

PPG  - 001 

12,  20 

3.3 

222 

mmm 

PPG- 001 

13,  15,  17 

3.9 

223 

PPG-001 

14,  16,  18 

8.10 

221 

Kh*9 

PPG-001 

21 

9.11 

225 

EMOl  2 

PPG-001 

On  Support  Struc. 

G.12 

228 

Simulated 

BM013 

PPG-001 

11,  19 

B . 1 3 

227 

Aircraft 

PfQla 

PPG-001 

12,  20 

B.14 

22! 

Windshield 

Ipffl 

PPG-001 

13,  15,  17 

B.1E 

229 

Strain 

Em  •ill 

PPG-001 

14,  16,  18 

5.16 

239 

Map 

Em  ! H 

PPG-001 

21 

0.17 

231 

BM01 3 

PPG-001 

On  Support  Struc. 

B.1S 

232 

BM014 

PPG -002 

B.13 

233 

BM014 

PPG-002 

B.2C 

234 

BM014 

PPG-002 

5.21 

235 

BM014 

PPG-002 

3.22 

236 

BM014 

PPG-002 

1.23 

237 

BM014 

PPG-002 

On  Support  Struc. 

3.2' 

238 

BM019 

PPG-003 

1,  9 

3.25 

239 

BM019 

PPG-003 

2,  10 

5.26 

240 

BM01 9 

PPG-003 

3,  5,  7 

5.27 

241 

BM01 9 

PPG-003 

4,  6,  8 

B.28 

242 

BM019 

PPG-003 

22 

8.25 

243 

EMOl  9 

PPG-003 

On  Support  Struc. 

5.30 

244 

STRAIN  MAP 


I 

V " 


SPECIMEN  NO.  SHU-108 
TEST  NO.  BH004 


DESCRIPTION 


B- 1 Windshield 


SUPPORT  STRUCTURE  B-l  Module 

IMPACT  VELOCITY  9b7  FPS  IMPACT  POINT  Center 


BIRD  HEIGHT  4.00  lbs. 
DATE  2-28-76 
STRAIN  GAGE  MOUNTED  ON 


76°F 


TEMPERATURE  - OUTER  PLY 

TEMPERATURE  - INNER  PLY  

Inside  SURFACE  OF  Inner  pLy 


HA 


STRAIN  MAP 

SPECIMEN  NO.  SHU  107  DESCRIPTION  R-1  Windshield 

TEST  NO.  Bf  1006 SUPPORT  STRUCTURE  B-1  Module 

IMPACT  VELOCITY  967  FPS  IMPACT  POINT  Center  

BIRD  HEIGHT  4.02  lbs  TEMPERATURE  - OUTER  PLY  58°F 

DATE  3-12-76  TEMPERATURE  - INNER  PLY  71°F 

STRAIN  GAGE  MOUNTED  ON  Inside SURFACE  OF  Inner  PLY 


STRAIN  MAP 

SPECIMEN  NO.  SWU 

107 

DESCRIPTION  3-1  Windshield 

TEST  NO.  BM  007 

SUPPORT  STRUCTURE  B_1  Modu1e 

IMPACT  VELOCITY 

936 

FPS  IMPACT  POINT  Center 

BIRD  WEIGHT  4.00 

lbs 

TEMPERATURE  - OUTER  PLY  54°F 

DATE  3-18-76 

TEMPERATURE  - INNER  PLY  56°F 

STRAIN  GAGE  MOUNTED  ON 

Inside  SURFACE  OF  Inner  PLY 

IMPACT  STRAIN 
INERTIA  STRAIN 

STRAIN  UNITS  - uIN./IN. 


Strain  Gage  No 

(Typ) 


Figure  P.4.  B-l  Windshield  Strain  Map  - Test  GM007. 


STRAIN  MAP 


SPECIMEN  NO.  SHU  107  DESCRIPTION  B-l  Windshield 

TEST  NO.  BH008  SUPPORT  STRUCTURE  B-l  jtodule 

IMPACT  VELOCITY  930  FPS  IMPACT  POINT Center 

BIRD  WEIGHT  4.02  lbs  TEMPERATURE  - OUTER  PLY  68_F 

0ATE  3-20-76 TEMPERATURE  - INNER  PLY  66  F 

STRAIN  GAGE  MOUNTED  ON  Inside SURFACE  OF  _J_n_n_er — PLY 


Fiaure  3.5.  B-l  Windshield  Strain  Map  - Test  BM008. 

] 
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STRAIN  MAP 


SPECIMEN  NO.  PPG  001  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 


TEST  NO.  BMP! 2 
IMPACT  VELOCITY  943  FPS 


SUPPORT  STRUCTURE  GL_ 

IMPACT  POINT  A 


BIRD  HEIGHT  4.00  lbs  TEMPERATURE  - OUTER  PLY  -28°F 


DATE  7-16-76 

STRAIN  GAGE  MOUNTED  ON 


TEMPERATURE  - INNER  PLY  7°F 


SURFACE  OF  outer  PLY 


O O 
O C 

, ,©  o 
1T~  <T 


-f19  Lost 


^Strain  Gage  No. 

(Typ)  -L 


IMPACT  STRAIN 


STRAIN  UNITS  - yIN./IN. 


Figure  B.7.  Test  Windshield  Strain  Map  - Test  BM012  - Gages  11,  19. 
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STRAIN  HAP 


SPECIMEN  NO.  _ PPG  001  DESCRIPTION  Laminated  Glass  (Z5942639-501  ) 

TEST  NO.  BMP  12 SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  943  FPS  IMPACT  POINT  A 

BIRD  WEIGHT  4.00  lbs  TEMPERATURE  - OUTER  PLY  -28°F 

DATE  7-16-76  TEMPERATURE  - INNER  PLY  7°F _ 

STRAIN  GAGE  MOUNTED  ON  ^ SURFACE  OF  inner  p|_y 


Figure  B.8.  Test  Windshield  Strain  Map  - Test  BM012  - Gages,  12,  20. 


STRAIN  MAP 


SPECIMEN  NO.  PPG  001  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 

TEST  NO.  BM012 SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  9*3  FPS  IMPACT  POINT  A 

BIRD  WEIGHT  4.00  lbs  TEMPERATURE  - OUTER  PLY  -23°F 

DATE  7-16-76 TEMPERATURE  - INNER  PLY  7°F 

STRAIN  GAGE  MOUNTED  ON  -7 SURFACE  OF  outer  PLY 

REAL  TIME  IMPACT  13.20  MICRO-SEC  (xlO2)  FROM  + GATE 
REAL  TIME  INERTIA  17.20  MICRO-SEC  (xlO2)  FROM  + GATE 


STRAIN  MAP 

SPECIMEN  NO.  PPG  OQ1  DESCRIPTION  Laminated  Glass  (Z5942639-50I ) 

TEST  NO.  BM01 2 SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  943  FPS  IMPACT  POINT  A 

BIRD  WEIGHT  4.00  lbs  TEMPERATURE  - OUTER  PLY  -28°F 

DATE  7-16-76 TEMPERATURE  - INNER  PLY  7°F 

STRAIN  GAGE  MOUNTED  ON  -7  SURFACE  OF  inner  PLY 


Strain  Gage  No. 

(Typ) 


U 

1 4 S S 
- ■!'  -loo 

-7000 


CODE: 

IMPACT  STRAIN 


STRAIN  UNITS  - yIN./IN. 

Figure  B.10.  Test  Windshield  Strain  Map  - Test  BM012  - Gages,  14,  16,  18. 
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STRAIN  MAP 


SPECIMEN  NO.  PPG  001  DESCRIPTION  Laminated  Glass  (Z5942639-501 

TEST  NO.  BM012 SUPPORT  STRUCTURE  GL  

IMPACT  VELOCITY  943  FPS  IMPACT  POINT  A 

BIRD  WEIGHT  4.00  lbs  TEMPERATURE  - OUTER  PLY  -23°F 

DATE  7-16-76 TEMPERATURE  - INNER  PLY  7°F 

STRAIN  GAGE  MOUNTED  ON  inner  SURFACE  OF  cockpit  PLY 


SURFACE  OF  cockpit  PLY 


O O 

VO  O . ^ 

7|  1 1^  1200 

f 1W 


Strain  Gage  No.* 
(Tyo) 


CODE: 

IMPACT  STRAIN 

Inertia  strain 

STRAIN  UNITS  - yIN./IN. 
Finure  B.ll.  Test  Windshield  Strain  Map  - Test  BM012  - Gaoe  21. 
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STRAIN  MAP 


SPECIMEN  NO.  _EPG  OQ1  DESCRIPTION  Laminated  Glass  ( 75942639-5011 

TEST  NO.  BM012 SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  943  TPS  IMPACT  POINT A 

BIRD  WEIGHT  4-00  lbs  TEMPERATURE  - OUTER  PLY  -23°F 

DATE  7-16-76 TEMPERATURE  - INNER  PLY  7°F 

STRAIN  GAGE  MOUNTED  ON  Support  Structure  SURFACE  OF  inside  pLy 


27  _5QQ  28  -3000  1 

-2000  20G0  i 


INERTIA  STRAIN 
STRAIN  UNITS  » p IN. /IN. 

Figure  B.12.  Test  Windshield  Strain  Map  - Test  8M012  - Gaoes  on  Supoort 
Structure. 
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STRAIN  UNITS  - uIN./IN. 

Figure  B.13.  Test  Windshield  Strain  Mao  - Test  BM013  - Gages,  11,  19. 


STRAIN  MAP 


SPECIMEN  NO.  PPG  001  DESCRIPTION  Laminated  Glass  (Z594263P-501 ) 

TEST  NO.  BM01 3 SUPPORT  STRUCTURE  _GL 

IMPACT  VELOCITY  948  FPS  IMPACT  POINT_A 

BIRD  WEIGHT  4.06  lbs  TEMPERATURE  - OUTER  PLY  SO°F 

DATE  7-17-76 TEMPERATURE  - INNER  PLY  30°F 

STRAIN  GAGE  MOUNTED  ON  -9 SURFACE  OF  inner 


STRAIN  MAP 


SPECIMEN  NO.  __PPG  001  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 


TEST  NO.  BMQI 3 

IMPACT  VELOCITY  948  FPS 


SUPPORT  STRUCTURE  GL_ 

IMPACT  POINT  A 


BIRD  WEIGHT  4.06  lbs  TEMPERATURE  - OUTER  PLY  30° F 
DATE  7-17-76 TEMPERATURE  - INNER  PLY  30° F 


DATE  7-17-76 

STRAIN  GAGE  MOUNTED  ON 


REAL  TIME  IMPACT 


10.20 


REAL  TIME  INERTIA  15.20 


, SURFACE  OF  Outer  PLY 

MICRO-SEC  (x  102)  FROM  + GATE 
MICRO-SEC  (x  1 02)  FPOM  + GATE 


Strain  Gage  No. 
(Typ) 


lit 

-n 


-I?  35000 


CODE: 

IMPACT  STRAIN 


STRAIN  UNITS  « glN./IN. 

Figure  B . 1 5.  Test  Windshield  Strain  Map  - Test  BM013  - Gages  13,  15,  17. 


r - — - — = — 


STRAIN  MAP 


SPECIMEN  NO.  _PPG 

001 

DESCRIPTION 

Laminated 

Glass  ( Z5942639-501  ) 

TEST  NO.  BM013 

SUPPORT  STRUCTURE 

GL 

IMPACT  VELOCITY 

948  FPS 

IMPACT  POINT 

A 

BIRD  WEIGHT  4.06 

lbs 

TEMPERATURE 

- OUTER  PLY 

80°F 

DATE  7-17-76 

TEMPERATURE 

- INNER  PLY 

80°  F 

STRAIN  GAGE  MOUNTED  ON  

-7 

_ SURFACE 

OF 

inner  ply 

L 


CODE: 


IMPACT  STRAIN 
INERflA  STRAIN 


STRAIN  UNITS  - ylN./IN. 

Figure  B.1E.  Test  Windshield  Strain  Mao  Test  BM013  - Gages  14,  16,  18. 
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STRAIN  MAP 


SPECIMEN  NO.  PPG  001  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 

TEST  NO.  BM0T3 SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  948  FPS  IMPACT  POINT  A 

BIRD  WEIGHT  4.06  lbs  TEMPERATURE  - OUTER  PLY  80°F 

DATE  7-17-76 TEMPERATURE  - INNER  PLY  30° F 

STRAIN  GAGE  MOUNTED  ON  Inner SURFACE  OF  cockpit  PLY 
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STRAIN  MAP 

SPECIMEN  NO.  PPG  001  DESCRIPTION  Laminated  Glass  (Z594263P-501 ) 

TEST  NO.  BMP 13  SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  948  FPS  IMPACT  POINT  A 

BIRD  HEIGHT  4.06  lbs  TEMPERATURE  - OUTER  PLY  80°F 

DATE  7-17-76  TEMPERATURE  - INNER  PLY  80° F 

STRAIN  GAGE  MOUNTED  ON  Support  Structure  SURFACE  OF  inside  PLY 


27  -1000  28  1200 

25  — LosX  26  ,3000 


INERTIA  STRAIN 
STRAIN  UNITS  « y IN. /IN. 

Fioure  B.18.  Test  Windshield  Strain  Map  - Test  3M013  - Gapes  on  Support 
Structure. 
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STRAIN  MAP 


SPECIMEN  NO.  PPG  003  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 

TEST  NO.  BM019 SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  974  FPS  IMPACT  POINT  C 

BIRD  WEIGHT  4.02  lbs  TEMPERATURE  - OUTER  PLY  190°F 

DATE  7-26-76 TEMPERATURE  - INNER  PLY  160°F 

STRAIN  GAGE  MOUNTED  ON  -9  SURFACE  OF  outer  PLY 


V 


o 
o o 
o o 

O PO 
CM  I 


-2100 

TUTT 


\ 


Strain  Gage  No. 
(Typ) 


C+ 

+ 


CODE: 

IMPACT  STRAIN 
INERTIA  STRAIN 


Lost 


STRAIN  UNITS  » uIN./IN. 

Figure  B.19.  Test  Windshield  Strain  Map  - Test  BM019  - Gages  1,  9. 
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STRAIN  HAP 

SPEC1HEN  NO.  PPG  003  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 

TEST  NO.  BM019 SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  974  FPS  IMPACT  POINT  C 

BIRD  WEIGHT  4.02  lbs  TEMPERATURE  - OUTER  PLY  190°F 

DATE  7-26-76  TEMPERATURE  - INNER  PLY  160°F 

STRAIN  GAGE  MOUNTED  ON  -7 SURFACE  OF  outer  PLY 

REAL  TIME  IMPACT  12.20  u-SEC  (xlO2)  FROM  + GATE 
REAL  TIME  INERTIA  21.20  u-SEC  (xlO2)  FROM  + GATE 


IMPACT  STRAIN 
INERTIA  STRAIN 

STRAIN  UNITS  « wIN./IN. 

Fioure  B.21.  Test  Windshield  Strain  Map  - Test  BM019  - Gaoes  3,  5,  7. 


235 


STRAIN  MAP 


SPECIMEN  NO.  PPG  003  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 

TEST  NO.  3M019  SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  974  FPS  IMPACT  POINT  C 

BIRD  WEIGHT  4.02  lbs  TEMPERATURE  - OUTER  PLY  19Q°F 

DATE  7-26-76  TEMPERATURE  - INNER  PLY  160°F 

STRAIN  GAGE  MOUNTED  ON  -7 SURFACE  OF  inner  PLY 


IMPACT  STRAIN 
JNERTIA  STRAIN 

STRAIN  UNITS  - glN./IN. 

Finure  B.22.  Test  Windshield  Strain  Map  - Test  BM019  - Gaqes  4,  6,  8. 


— — - - - 
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SPECIMEN  NO.  PPG  003  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 

TEST  NO.  BM-19  SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  974  FPS  IMPACT  POINT  C 

BIRD  WEIGHT  4.02  lbs  TEMPERATURE  - OUTER  PLY  190CF 

DATE  7-26-76  TEMPERATURE  - INNER  PLY  T60°F 

STRAIN  GAGE  MOUNTED  ON  Inner SURFACE  OF  cockpit  pLy 


STRAIN  UNITS  - uIN./IN. 

Fiqure  B.23.  Test  Windshield  Strain  Map  - Test  BM019  - Gaae  22. 
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STRAIN  MAP 

SPECIMEN  NO.  PPG  003  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 

TEST  NO.  SM019 SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  ?74  FpS  IMPACT  POINT  c 

BIRD  WEIGHT  4-0?  ibs  TEhrERATURE  - OUTER  PLY  190°F 


DATE  7-26-76 


TEMPERATURE  - INNER  PLY  1 60°F 


STRAIN  GAGE  MOUNTED  ON  Support  Structure  SURFACE  OF  inside 


,^000  ,,  -1000 

-ieoo  34— noo 


Strain  Gage  No. 
(Typ) 


,r-1000  ,,  1200 


CODE: 

IMPACT  STRAIN 


STRAIN  UNITS  * A*IN./IN. 

Fiaure  3.24.  Test  Windshield  Strain  Map  - Test  BM019  - Gaqes  on  Support 
Structure. 


STRAIN  MAP 


SPECIMEN  NO.  PPG  002  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 

TEST  NO.  BN014 SUPPORT  STRUCTURE  GL  

IMPACT  VELOCITY  939  FPS  IMPACT  POINT  C 

BIRD  WEIGHT  4.04  lbs  TEMPERATURE  - OUTER  PLY  87°F 

DATE  7-20-76  TEMPERATURE  - INNER  PLY  37°F 

STRAIN  GAGE  MOUNTED  ON  -9 SURFACE  OF  Outer  PLY 


CODE: 

IMPACT  STRAIN 


STRAIN  UNITS  « uIN./IN. 

Figure  B.25.  Test  Windshield  Strain  Map  - Test  BM014  - Gages  1 
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STRAIN  MAP 


SPECIMEN  NO.  PPG  002  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 

TEST  NO.  BM014  SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  939  FPS  IMPACT  POINT  C 

BIRD  WEIGHT  4.04  lbs  TEMPERATURE  - OUTER  PLY  87°F 

DATE  7-20-76 TEMPERATURE  - INNER  PLY  87°F 

STRAIN  GAGE  MOUNTED  ON  -9 SURFACE  OF  Inner  PLY 


o 

o 

o 

o 

o 

o ^ 

§ , n Ci 

o 

o 

o 

o 

CsJ 

CSJ 

I 

™ 1500  -J- 

Jio  ' 

- 

\ 


Strain  Gage 

(Typ) 


No. 


-1000 

-T7TTT 


V 


CODE: 

IMPACT  STRAIN 
INERTIA  STRAIN 

STRAIN  UNITS  - pIN./IN. 

Figure  8.26.  Test  Windshield  Strain  Map  - Test  BM014  - Gages  2,  10. 
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STRAIN  MAP 


SPECIMEN  NO.  PPG  002  DESCRIPTION  Lam1nated  Glass  (Z5942639-501 ) 


4 

TEST  NO. 

BM014 

SUPPORT  STRUCTURE 

GL 

IMPACT  VELOCITY 

939 

FPS  IMPACT  POINT 

C 

BIRD  WEIGHT  4.04 

lbs 

TEMPERATURE  - OUTER  PLY 

87°F 

DATE 

7-20-76 

TEMPERATURE  - INNER  PLY 

87°F 

STRAIN  GAGE  MOUNTED  ON  -7 SURFACE  OF  outer  pLY 

REAL  TIME  IMPACT  12.20  u-SEC  (xiO2)  FROM  + GATE 


REAL  TIME  INERTIA  19.20  u-SEC  (xlO2)  FROM  + GATE 


IMPACT  STRAIN 
INERtlA  STRAIN 

STRAIN  UNITS  - uIN./IN. 

Flnure  8.27.  Test  Windshield  Strain  Map  - Test  BM014  - Gages  3,  5,  7. 
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STRAIN  MAP 


SPECIMEN  NO.  PPG  002  DESCRIPTION  Laminated  Glass  (Z5942639-501  ) 


TEST  NO.  BM014 
IMPACT  VELOCITY 


SUPPORT  STRUCTURE 

939  FPS  IMPACT  POINT 


BIRD  WEIGHT  4.04  lbs  TEMPERATURE  - OUTER  PLY  87°F 


DATE  7-20-76 
STRAIN  GAGE  MOUNTED  ON 


TEMPERATURE  - INNER  PLY  87°F 


SURFACE  OF  inner  PLY 


CV. 

f 


Strain  Gage  No.v 
(Typ) 


CODE: 

IMPACT  STRAIN 


STRAIN  UNITS  - pIN./IN. 

Figure  B.28.  Test  Windshield  Strain  Map  - Test  BM01 4 - Gaqes  4,  6,  3. 
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STRAIN  MAP 


SPECIMEN  NO.  PPG  002  DESCRIPTION  Laminated  Glass  (Z5942639-501 ) 

TEST  NO.  BM014 SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  939  FPS  IMPACT  POINT  £ 

BIRD  WEIGHT  4.04  lbs  TEMPERATURE  - OUTER  PLY  87°F 

DATE  7-20-76 TEMPERATURE  - INNER  PLY  37°F 

STRAIN  GAGE  MOUNTED  ON  Inner SURFACE  0FCockp1t_  pLY 


IMPACT  STRAIN 

Inertia  STRAW 

STRAIN  UNITS  - uIN./IN. 


Flqure  B.29.  Test  Windshield  Strain  Map  - Test  BM014  - Gage  22. 


STRAIN  MAP 


SPECIMEN  NO.  PPF  002  DESCRIPTION  Laminated  Glass  (Z5942639-501  ) 

TEST  NO.  BM014  SUPPORT  STRUCTURE  GL 

IMPACT  VELOCITY  949  FPS  IMPACT  POINT  C 

BIRD  HEIGHT  4.04  lbs  TEMPERATURE  - OUTER  PLY  87°F 

DATE  7-20-76 TEMPERATURE  - INNER  PLY  37°F 

STRAIN  GAGE  MOUNTED  ON  Support  Structure  SURFACE  OF  Inside  ply 


H 


STRAIN  UNITS  ■ MH. /IN. 

Finure  R.30.  Test  Windshield  Strain  Map  - Test  P.M014  - Gaqes  on  Support 
Structure. 
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